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Abstract 
   Calcite is a ubiquitous mineral found in many geological formations, thus calcite is 
useful to provide information for geological and archaeological age determination 
(Wefer and Berger, 1991, Suzuki et al., 1999, Flotté et al., 2001, Roque et al., 2001, 
Watanabe et al., 2008, Kano, 2012). 14C and Th/U disequilibrium dating have been 
applied to calcite (Plagnes et al., 2003); however, applicable ages from these dating 
methods are up to 5×104 (14C) and 5×105 (Th/U) years. Furthermore, Th/U dating is 
difficult to apply to samples contaminated with detrital thorium (Debenham and Aitken, 
1984).  
   When dielectric minerals interact with ionizing radiation, semi-stable electron and 
hole trapping sites are created within forbidden band. These minerals emit luminescence 
when heated and this phenomenon is referred to as thermoluminescence (TL). The 
emitted luminescence intensity is proportional to the accumulated radiation dose applied 
to the mineral by environmental radioisotopes. Therefore, TL can be applied to the 
dating of archaeological artifacts, volcanic products and sediments (Aitken, 1985). 
Quartz, feldspar and calcite are known to be TL emitters in the geoscience field. The 
advantages of TL dating are (1) a dating limit of up to 106 years ago, which is longer 
than 14C and Th/U, (2) radioelements are not necessary to be present in the target 
mineral, so it is applicable to a variety of minerals, and (3) age information is reset by 
heating and thus can record thermal events. TL emitted from calcite has been used to 
date many types of events (Franklin et al., 1988, Debenham and Aitken, 1984, Roque et 
al., 2001). 
   In comparison to quartz TL, characteristics of calcite TL are less understood, thus 
TL dating was not often applied to calcite in recent years. Earlier studies suggested that 
characteristics of TL depend on impurity concentrations (Medlin, 1959, Townsend et al., 
1994), however, it is not quantitatively understood and the difference in characteristics 
of luminescence response against different kinds of radiation is not clear. In this study, 
the author investigates the relationship between impurity concentration and calcite TL 
efficiency by each radiation. 
   The color of the emitted TL varies among different samples, thus the determination 
of detection wavelength is important for luminescence measurement. The author created 
and improved a java application to handle RGB (red-green-blue) information of 
thermoluminescence color images (TLCI) obtained using a digital camera (Chapter 1). 
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This Java application is able to numerically treat TLCI of various image size and 
resolutions, and visually represent TL color on a CIE (Commission Internationale de 
I’Eclairase) chromaticity diagram (Fig. 1).  
   In chapter 2, the author evaluated the relationship between impurity concentration 
and TL efficiency induced by each radiation using natural calcites. A known dose of 
beta, gamma or alpha radiation were introduced to calcite samples, which were then 
measured by the single aliquot regenerative dose (SAR) method (Murray and Wintle, 
2000) using X-rays, which is calibrated using quartz, as an external artificial source. 
Relative TL efficiencies for calcite by beta, gamma or alpha irradiation against quartz 
(hereafter called beta, gamma and alpha efficiency, respectively) were calculated as 
[measured dose/given dose]. Beta and gamma efficiencies are 0.19-0.34 and 0.16-0.33, 
respectively, and it indicates that equivalent dose of calcites samples were 
underestimated when calibration curve was created with X-ray source calibrated using 
quartz. This may be caused by differences in common substitution elements in calcite 
(20Ca, 25Mn and 26Fe) versus quartz (3Li, 11Na, 13Al and 14Si). Interaction between 
mediums and radiation is affected by radiation energies more sensitively for calcite than 
quartz (Davisson and Evans, 1952). The gamma efficiency may depend on the Mn 
concentration; however, it is not clear which elements affect the beta efficiency (Fig. 2) 
due to complex impurity concentration of natural calcites. The accumulated dose from 
alpha rays is affected by sample thickness because of the spatial energy density around 
the center of the alpha track and the instrumental luminescence detection range. Thus, 
for accurate alpha efficiency measurements, evaluation of the effective alpha ray range 
and instrumental luminescence detection thickness is important. The k-value (alpha 
efficiency against gamma efficiency) increases with Mn concentrations (Fig. 3). 
Zimmerman (1972) suggested that the alpha efficiency is lower than beta and gamma 
efficiency because the ionization density produced by alpha particles is so great that the 
TL traps in the central core of tracks become saturated. This leads to a much greater 
proportion of the ionized electrons going to waste than with beta and gamma radiation. 
Thus, the author concluded that luminescence traps increase with increasing Mn 
concentrations. 
   In chapter 3, synthetic calcites with controlled impurity concentrations were 
analyzed to evaluate relationship between multiple impurity concentration and beta or 
gamma efficiencies. Samples were doped with Mg, Mn and Fe. Gamma and beta 
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efficiencies of synthetic samples are 0.115-0.398 and 0.122-0.481, respectively. The 
gamma and beta efficiencies are inversely proportional to logarithms of Mg+Mn+Fe 
(Fig. 4) and (Mg+Mn+Fe)/Fe (Fig. 5), respectively. The contribution of photoelectric 
effect increases with increasing impurity (Mg, Mn and Fe) concentration for radiation of 
0.059MeV (tungsten target X-ray), thus gamma efficiency may decrease with increasing 
total impurity concentrations (Mg+Mn+Fe). Beta efficiency must be considered 
together with the Cathodoluminescence (CL) emission. Fe, which works as quencher in 
CL (Tsukamoto, 1994), may keep radiation energy from beta ray instead of transmitting 
to activator, thus accumulated dose of calcite may increase with increasing Fe 
concentration; therefore, beta efficiency may be inversely proportional to logarithm of 
(Mg+Mn+Fe)/Fe. 
   Finally, calcite TL dating was applied to understand the timescale necessary for 
bentonite–alkaline groundwater reaction in a geological framework (Chapter 4). 
Chronological studies using the TL and U-Th methods on a calcite vein from Luzon, 
Philippines, have been tried. However, the presence of significant detritus 230Th has 
hindered the application of U-Th method. The paleodose for the TL was measured with 
the SARA (single-aliquot regeneration and added dose) method to evaluate the 
sensitivity change of calcite that occurred through repeated heating of the samples 
(Buylaert et al., 2006). When the SARA method was not applied, the paleodose was 
1.3–3.2 times overestimated for this sample. For the annual dose estimate, the author 
measured the radioactive element concentrations of calcite and the surrounding mafic 
sample using X-ray fluorescence spectrometry, electron prove micro analyzer, and laser 
ablation-inductively-mass spectrometry analyses. Alpha, beta and gamma efficiencies 
were measured, and the age was calculated with the annual dose corrected by these 
factors. To estimate the annual dose of a heterogeneous sample, detailed 
three-dimensional distributions of the rock surrounding the samples is necessary. 
However, because of the small sample size, this information was not preserved. By 
assuming the ratio of calcite and olivine basalt in annual dose contribution, the calcite 
age was calculated (Fig. 6). The results indicate that the bentonite had undergone the 
alteration process for more than 100kyrs. 
   The results suggest that TL dating method can be applied to calcite, for which other 
chronological techniques (e.g., the U-Th method) are difficult to apply, provided 
appropriate corrections considering impurity concentrations. Thus TL dating of calcite 
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is useful to provide information for geological and archaeological age determination. 
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Fig. 1 Results of TLCI analysis using a Java application for the mixture sample (quartz 
and calcite) and feldspar. For mixture sample, file size is (a) 1846×1845, (b) 695×695 
and (c) 200×200. For feldspar, (d) 695×695 and (e) 200×200. Circles show the 
proportion of each color. 
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Fig. 2 Plot of beta and gamma efficiencies as a function of Mn concentration. Small 



















































Fig. 3 Plot of k-value as a function of Mn concentration. Small figure in the lower 




























Fig. 4 Plot of gamma efficiency as a function of impurity concentrations. Impurity concentrations 
are Mn, Mg+Mn, Fe+Mn, and Mg+Fe+Mn concentrations for Synthetic calcite (Mn), Synthetic 





Fig. 5 Plot of beta efficiency as a function of (Mg+Mn+Fe)/Fe. (Mg+Mn+Fe)/Fe are Mn, Mg+Mn, (Mn
+Fe)/Fe, and (Mg+Mn+Fe)/Fe for Synthetic calcite (Mn), Synthetic calcite (Mn+Mg), Synthetic calcite 
























































Fig. 6 Results of TL dating of calcite vein from Luzon, Philippines, assuming the ratio of 
annual dose contributions from the calcite and the olivine basalt.
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Dielectric minerals that interact with ionizing radiation emit thermoluminescence when 
heated. The color of the emitted thermoluminescence varies among different samples, 
even for the same minerals. TL color analysis can be used to study mineral provenance.  
Thermoluminescence color images (TLCI) can be obtained using a digital camera. 
Inagaki et al. (2010) created a Java application to handle RGB (red-green-blue) 
information of each pixel. This Java application is able to visually represent 
thermoluminescence color on a CIE (Commission Internationale de l’Eclairage) 
chromaticity diagram. Here, we report an improved Java application that enables the 
numerical treatment of TLCI of various image sizes and resolutions. This application 
allows for the handling of many digital TLCI in a short time and it is useful for 
statistical color analyses. 
 
1.1. Introduction 
When dielectric minerals interact with ionizing radiation, semi-stable electron and 
hole-trapping sites are created within the forbidden band. These minerals emit 
luminescence when heated and this phenomenon is referred to as thermoluminescence 
(TL). Quartz, feldspar and calcite are known to be TL emitters in the geoscience field. 
The emitted luminescence intensity is proportional to the accumulated dose given to the 
mineral by environmental radioisotopes. Therefore, TL can be applied to the dating of 
archaeological artifacts, volcanic products and sediments (Liritzis et al., 1996; Ganzawa 
and Ike, 2011; Franklin et al., 1988). 
The color of the emitted luminescence varies among samples, even among those of 
the same minerals. Quartz emits blue or red thermoluminescence depending on its 
origin (Hashimoto et al., 1986a). TL color analysis can be used to study the provenance 
of minerals. Hashimoto et al. (1986b) suggested a convenient method to observe 
thermoluminescence color images (TLCI) of quartz using a commercial camera. 
Ganzawa and Kubokita (2001) identified a widespread aeolian deposit and tephra by 
investigating the TL color characteristics on a Munsell color system color chart or a CIE 
chromaticity diagram that was established by the Commission Internationale de 
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l’Eclairage (CIE). By taking a luminescence photo with a camera, the TL color of each 
grain can be observed and the TL color can be determined numerically and digitized. 
 Inagaki et al. (2010) obtained TLCI with a digital camera based on previous work 
(Hashimoto et al., 1989; Ganzawa and Kubokita, 2001). Earlier studies only evaluated 
digital TLCI qualitatively by plotting chromaticity diagrams. However, Inagaki et al. 
(2010) developed a Java application to manipulate RGB information from TLCI. Their 
software enables the convenient, rapid and statistical analysis of TLCI. Hasebe et al. 
(2012) applied this program to a core sample recovered from the lake bed sediment. 
Sequential TLCI numerical information was compared with other analytical data and 
was discussed as a proxy for environmental changes. 
The Java application reported by Inagaki et al. (2010) is restricted to 800×800 pixel 
image data and its flexibility is thus limited. However, image size may depend on 
instrumental conditions (e.g. camera and sample heater), camera settings when the 
image is captured, and the sample size. Therefore, we improved the Java application 
and applied it to images of different sizes and resolutions to extend the scope of TLCI 
analyses. 
 
1.2. Digitization of TLCI 
1.2.1. Numerical conversion 
Thermoluminescence digital color images were obtained by the method proposed by 
Inagaki et al. (2010) and then handled quantitatively and numerically in the CIE color 
system (Ganzawa and Kubokita, 2001; Fig. 1.1). The RGB information of each pixel 
was read in the 0–255 range. To match with visible light, the RGB values were 
converted to X, Y and Z by the following formula as determined by CIE: X = 2.7689R+ 1.7517G+ 1.1302BY =              R+ 4.5907G+ 0.0601BZ =                       0.0565G+ 5.5943B
 X, Y and Z were then converted to plane coordinate values, x and y. x = X/(X+ Y+ Z)y = Y/(X+ Y+ Z)
These x and y values were plotted on a CIE chromaticity diagram (Fig. 1.1). On the CIE 
chromaticity diagram, the colors are represented continuously along the locus: blue, 
green, yellow, orange and red from short wavelength to long wavelength. Based on 
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previous studies (Hashimoto et al., 1989; Ganzawa and Kubokita, 2001), five color 
zones are defined and they are blue (B; B ≦ 495 nm), green (G; 495 < G ≦ 565 nm), 
yellow (Y; 565 < Y ≦ 580 nm), and red (R; 580 nm < R). The fifth color zone is GAP, 
which is the area formed by connecting the saturated purple line with the standard white 
line (Fig. 1.1). Each pixel color is categorized into one of these five color zones. 
 
1.2.2. Application 
Inagaki et al. (2010) created a Java application to handle the thermoluminescence 
digital color image numerically. Java was developed by Sun Microsystems Inc. and is 
platform-independent. The RGB information of one pixel is read by a method (function) 
implemented in Java. The application developed by Inagaki et al. (2010) calculated the 
color information of each pixel (x and y) and the number of pixels in each color zone 
(blue, green, yellow, red and GAP), and output was as a text file. To visualize the color 
characteristics, the pixel information is plotted on a CIE chronometry diagram. When 
several pixels are plotted on the same coordinate, the number of pixels is represented by 
shading each plotted symbol (darker indicates more). In the application by Inagaki et al. 
(2010), the point color plotted on the CIE chromaticity diagram is subject to the number 
of counts. For example, if the number of pixels per coordinate is >100, the color of the 
plot is black. For >50 it is gray and so on. Therefore, the Java-based application written 
by Inagaki et al. (2010) can only be applied to TLCI of particular size and/or resolution 
(applicable to TLCI of 800×800 pixels). If the image size is significantly more than 
640,000, the plotted points are always black or vice versa. 
The author thus reports an improved Java-based application for TLCI to evaluate the 
color characteristics of images of various sizes and resolutions. In this application, the 
plotted point color depends on the ratio of the number of counts/the number of 
measured pixels. The pixels are divided into five levels (black, dark gray, gray, light 
gray and white), and the threshold value for each level (class) can be set by the user. If 
the ratio of the number of counts/the number of measured pixels is less than the lowest 
threshold value, no pixel information is plotted although the data is included in the 
generated text file. Additionally, “the number of measured pixels” (denominator) can be 
selected as either a black pixels (BP) included-type or a BP excluded-type. For the “BP 
included-type”, all image pixels are used and for the “BP excluded-type” all pixels apart 
from the black pixels (R+G+B < 30) are used. The BP included-type plot may be useful 
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when the amount of luminous minerals is discussed, while the BP excluded-type plot 
may be useful to obtain information of color combinations on luminous minerals. This 
Java application can be used for all image sizes and resolutions. 
Additionally, the number of pixels in each color zone (blue, green, yellow, red and 
gaps) can be counted and output as a text file by our Java application as was the case for 
the application by Inagaki et al. (2010). 




To evaluate the use of this new Java application to TLCI of various file sizes and 
TL colors, the author investigated the TLCI of quartz, calcite and feldspar with various 
resolutions (Fig. 1.2). The thermoluminescence colors of quartz, calcite and feldspar are 
blue, red and multiple colors, respectively. The TLCI sizes were 1365×1365 (quartz; 
Fig. 1.2(a)), 544×583 (calcite; Fig. 1.2(b)) and 695×695 (feldspar; Fig. 1.2 (c)) pixels.  
Figure 1.3 shows the results of the TLCI analysis by the Java application with the 
BP included-type. The class boundary values used to set the plot (symbol) colors were 
0.1, 0.01, 0.005, 0.001 and 0.0001%. The number of pixels in each color zone could be 
counted and output was as a text file from our Java application (Table 1.1). Pie charts 
were drawn using the obtained information and they are shown in Figure 1.3 together 
with a chronometry diagrams. The TLCI information for quartz, with blue TL as shown 
in Figure 1.2(a), was plotted within the blue zone on the CIE chromaticity diagram (Fig. 
1.3(a)). However, the pixels in the TLCI of calcite, with red TL as shown in Figure 
1.2(b), was plotted within the red zone on the CIE chromaticity diagram (Fig. 1.3(b)). 
For feldspar that emitted various colors, the plotted points are widely dispersed over the 
CIE chromaticity diagram (Fig. 1.3(c)).  
To evaluate the flexibility of this Java application to TLCI of various file sizes, 
mixture of quartz, which emits blue thermoluminescence (Fig. 1.2(a)), and calcite, 
which emits red thermoluminescence (Fig. 1.2(b)), was prepared and TLCI was 
investigated (Fig. 1.4(a)). The original TLCI was 18461845 pixels in size. Then 
resolution was artificially decreased to 695695 (Fig. 1.4(b)) and 200200 pixels (Fig. 
1.4(c)). The original TLCI of feldspar (Fig. 1.4(d), the same photo with Fig. 1.2(c)) was 
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also investigated by artificially decreasing the resolution of TLCI to 200200 pixels 
(Fig. 1.4(e)). The results of TLCI analysis by the Java application with the BP excluded 
type were also shown in Fig. 1.4. The class boundary values used to set the plot colors 
were 1, 0.1, 0.05, 0.01 and 0.001%. The number of pixels in each color zone was shown 
in Table 1.2. Pie charts to show numerical information are included in Figure 1.4 
together with a chronometry diagrams. 
For the mixture sample, all TLCIs resulted in similar plots on the CIE chromaticity 
diagram. TLCI of this sample was dominated by red or blue thermoluminescence (Table 
1.2). The number of red and blue pixels decreased from TLCI of high resolution (1846
1845) to that of low resolution (200200). However, the ratios in the number of red 
pixels over the number of blue pixels (R/B ratio) were almost the same with all 
resolutions, thus, the color combinations were almost identical for all TLCIs of the 
mixture sample with difference file size. For feldspar, however, TLCI with high 
resolution (Fig. 1.4(d)) resulted in a plot with wider distribution than that with low 
resolution (Fig. 1.4(e)). R/B ratio of TLCI with high resolution was higher than that 
with low resolution. Additionally, the ratio in the number of green against total colored 
pixels of TLCI was higher in high resolution than in low resolution (Pie charts of Fig. 
1.4(d) and (e)). These differences between two resolutions may be caused by pixels 
which form the boundary of colored area. 
A threshold in resolution of TLCI for a stable result depends on pattern of color 
distribution in an observed area, which may vary sample to sample depending on 
luminescence intensity and/or particle size of measured sample. At least the resolution 
over 200200 pixels will be necessary to analyze sample with discrete color 
distribution, as is found in our feldspar image. 
The Java application reported here is thus able to reproduce the thermoluminescence 
color from the TLCI on the CIE chromaticity diagram regardless of image size. It is 
able to distinguish thermoluminescence color. Although the sizes of these TLCI are 
different, this work shows that this Java application can be applied to all images. This 
indicates the flexibility of this Java application. 
Different sets of class boundary values were evaluated by TLCI of feldspar 
analyses (Fig. 1.5). They were: (a) 0.1, 0.01, 0.005, 0.001 and 0.0001; (b) 0.5, 0.05, 
0.025, 0.005 and 0.0005; (c) 1, 0.1, 0.05, 0.01 and 0.001. The threshold values increased 
from pattern (a) to pattern (c). The number of plot points and the darker points 
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decreased from pattern (a) to pattern (c). As the class boundary values increased, the 
number of plot points decreased and the plot point color became whitish, and vice versa. 
By setting appropriate threshold values researchers can highlight the TLCI 
characteristics that support their interpretation. 
Figure 1.6 shows the results of a feldspar TLCI analysis with the BP included-type 
and the BP excluded-type. The class boundary values used to set the plot colors were 1, 
0.1, 0.05, 0.01 and 0.001%. A higher number of plot points and dark points were 
obtained for the BP excluded-type (Fig. 1.6(b)) for the BP excluded-type removes black 
pixels (R+G+B < 30) in this Java application. The BP excluded-type only evaluates 
colored pixels and, therefore, results obtained using the BP excluded-type are 
independent of the amount of black (or luminescent) pixels in the analyzed image. The 
BP excluded-type may be useful to obtain information on combinations of luminous 
minerals. The BP included-type may be useful when the number (or percentage) of 
luminous minerals is discussed. 
 
1.3. Conclusion 
The Java application reported here is able to visually represent thermoluminescence 
color on a CIE chromaticity diagram regardless of the image size. A threshold in 
resolution of TLCI for a stable result depends on pattern of color distribution in an 
observed area, which may vary sample to sample depending on luminescence intensity 
and/or particle size of measured sample. 
 Threshold values for the selection of plot symbol color can be set by the user. Two 
methods (with or without black pixels) are available to calculate the value required to 
set symbol color. Feldspar TLCI with the size of 695695 was investigated by various 
analytical setting (Method and threshold value); 1) BP included type and threshold 
values of 0.1, 0.01, 0.005, 0.001 and 0.0001% (Fig. 1.3(c) and Fig. 1.5(a)); 2) BP 
included type and threshold values of 0.5, 0.05, 0.025, 0.005 and 0.0005% (Fig. 1.5(b)); 
3) BP included type and threshold values of 1, 0.1, 0.05, 0.01 and 0.001% (Fig. 1.5(c) 
and 1.6(a)); 4) BP excluded type and threshold of 1, 0.1, 0.05, 0.01 and 0.001% (Fig. 
1.4(b) and 1.6(b)). Resultant plots on CIE chromaticity diagram are similar regardless of 
analytical settings. This suggests that analytical setting of this Java application does not 
give a significant bias on the plot and TLCI characteristics of feldspar can be 
represented by plotting the pixel information on the CIE chromaticity diagram.  
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   The numerical treatment of TLCI is still possible as was reported by Inagaki et al. 
(2010). The application is able to handle many digital TLCI in a short time and is useful 
for statistical color analyses. Additionally, this application can be applied to 
thermoluminescence digital image analysis, as well as to other image analyses. 
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Sample Red Yellow Green Blue GAP Black Total
Quartz 103 410 635 1133690 64 728323 1863225
Calcite 184986 0 0 24 6 132136 317152
Feldspar 15537 903 4191 27672 1107 433615 483025
Table 1.1The number of counted color pixels in each color zone obtained from the TLCI analysis.
*Red: 580 nm–, Yellow: 565–580 nm, Green: 495–565 nm, Blue: –495 nm,
 GAP: other zone, and Black: R+G+B < 30.
























































































































































































































































































Fig. 1.1 CIE (Commission Internationale de l’Eclairage) chromaticity diagram and the five 
color zones defined in this study. B: blue (–495 nm); G: green (495–565 nm); Y: yellow 
(565–580 nm); R: red (580 nm–); gap: other. 











Fig. 1.2 TLCI of (a) quartz (low resolution: 251×251 pixels), (b) calcite (544×583 pixels), 
(c) feldspar (695×695 pixels) and (d) quartz (high resolution: 1365×1365). (a) and (d) 
quartz aliquots from the same sample. 
(a) (b)
(c)











Fig. 1.3 Results of TLCI analysis using our Java application with the BP included-type. 
The class boundary values used to set the plot colors that represent the number of pixels 
were 0.1, 0.01, 0.005, 0.001 and 0.0001%. The analyzed TLCIs are from (a) quartz (Fig. 
2(a)), (b) calcite (Fig. 2(b)), (c) feldspar (Fig. 2(c)) and (d) quartz (Fig. 2(d)). Circles show 
the proportion of each color. Each color comes from the corresponding color zone. 
(c)
(a) (b)
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Fig. 1.4 Results of TLCI analysis with BP excluded type for the mixture sample (quartz 
and calcite) and feldspar. The class boundary values used to set the plot colors were 1, 0.1, 
0.05, 0.01 and 0.001%. For mixture sample, file size is (a) 18461845, (b) 695695 and 
(c) 200200. For feldspar, (d) 695695 and (e) 200200. Circles show the proportion 
of each color. Each color comes from the corresponding color zone. 











Fig. 1.5 Results for TLCI analysis with different sets of class boundary values using the 
BP included-type. They are: (a) 0.1, 0.01, 0.005, 0.001 and 0.0001%; (b) 0.5, 0.05, 0.025, 
0.005 and 0.0005%; (c) 1, 0.1, 0.05, 0.01 and 0.001%. Analyzed TLCI is from feldspar 
(Fig. 2 (c)). 
(a) (b)
(c)











Fig. 1.6 Results of TLCI analysis with (a) the BP included-type and (b) the BP excluded-
type. The analyzed TLCI are from feldspar (Fig. 2(c)). The class boundary values to set the 
plot colors were 1, 0.1, 0.05, 0.01 and 0.001%. 
(a) (b)
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2. Measurement of absorbed dose rate by beta, gamma and alpha radiation for 
naturally occurring calcite 
 
Abstract 
Thermoluminescence dating as well as 14C and Th/U datings has been applied to calcite, 
but it is less popular partly because the difference in luminescence response for different 
kinds of radiation is not clear. To report more reliable thermoluminescence ages from 
calcite, fundamental characteristics of its response to radiation exposure were 
investigated and related to chemical composition. The author measured the absorbed 
dose rate for calcite using natural samples and found values of 0.19–0.34 and 0.16–0.33 
compared to quartz for beta and gamma rays, respectively. These values are lower than 
for quartz and may be caused by differences in common substitution elements in calcite 
(20Ca, 25Mn and 26Fe) versus quartz (3Li, 11Na, 13Al and 14Si), as well as the interaction 
between mediums with different atomic numbers and radiation energies. The beta ray 
absorbed dose rate is higher than the gamma ray rate for some samples. These samples 
show relatively higher concentrations in lighter elements (up to Ba); thus, the 
concentration of minor elements may cause the different behavior between beta and 
gamma rays. The gamma ray absorbed dose rate may depend on the Mn concentration; 
however, it is not clear which elements affect the beta ray absorbed dose rate. The 
accumulated dose from alpha rays is affected by sample thickness because of the spatial 
energy density around the center of the alpha track and the luminescence detection 
range. Thus, for accurate alpha efficiency measurements, evaluation of the effective 
alpha ray range and luminescence detection thickness is important. The k-value (alpha 
efficiency against absorbed gamma ray dose rate) increases with Mn concentrations. 
Previous studies suggested that the alpha efficiency is lower than beta and gamma 
efficiency because the ionization density produced by alpha particles is so great that the 
thermoluminescence traps in the central core of tracks become saturated. This leads to a 
much greater proportion of the ionized electrons going to waste than with beta and 
gamma radiation. Thus, the author determined that luminescence traps increase with 
increasing Mn concentrations. 
 
2.1. Introduction 
   Calcite (CaCO3) is a ubiquitous mineral found in many geological formations. 
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Different formations and fossils containing calcite, such as shells, corals and stalactites, 
have been used to reconstruct global environmental change (Wefer and Berger, 1991, 
Suzuki et al., 1999, Kano, 2012), while the age of archaeological artifacts made of 
limestone or marble provides chronological markers (Roque et al., 2001). Calcite veins 
found along fault planes are used to understand the nature and timing of fluid migration 
through fault zones (Watanabe et al., 2008). Thus, precise calcite dating is of major 
interest in geoscience and archaeological research. 14C and Th/U disequilibrium dating 
have been applied to calcite (Plagnes et al., 2003); however, applicable ages from these 
dating methods are up to 5×104 (14C) and 5×105 (Th/U) years. Furthermore, Th/U dating 
is difficult to apply to samples contaminated with detrital thorium (Debenham and 
Aitken, 1984). 
   Dielectric minerals that interact with ionizing radiation emit thermoluminescence 
(TL) when heated. The emitted luminescence intensity is proportional to the 
accumulated radiation dose applied to the mineral by environmental radioisotopes. 
Therefore, TL can be applied to the dating of archaeological artifacts, volcanic products 
and sediments (Aitken, 1985). The advantages of TL dating are (1) a dating limit of up 
to 106 years ago, which is longer than 14C and Th/U datings, (2) radioelements are not 
necessary to be present in the target mineral, so it is applicable to a variety of minerals, 
and (3) age information is reset by heating and thus can record thermal events. TL 
emitted from calcite has been used to date many types of events, for example, the 
formation of materials (e.g., calcite veins, Franklin et al., 1988; stalagmites, Debenham 
and Aitken, 1984) or the final heating event of the material (e.g., paleolithic artifacts, 
Roque et al., 2001). 
   To estimate the accumulated dose, an artificial dose is used to produce a response 
curve (calibration curve) for luminescence emission. An artificial radiation source (beta 
or X-ray) is equipped with a luminescence reader (Yawata et al., 2007, Bøtter-Jensen et 
al., 2003) and the dose rate is calibrated using quartz to calculate laboratory irradiation 
doses (Kadereit and Kreutzer, 2013). The absorbed dose rate may be different for calcite 
because its density and constituent elements (including impurities) differ from quartz. 
Pernicka and Wagner (1979) reported that the relationship between beta and gamma ray 
luminescence efficiencies is linear for quartz, but, to our knowledge, there is no such 
data for calcite. The TL efficiency of alpha particle irradiation (hereafter called alpha 
efficiency) is less than beta and gamma irradiation because of the spatial energy density 
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around the center of the alpha track, thus the k-value or a-value (Zimmerman, 1972; 
Aitken, 1985) is introduced. The k-value is the ratio between TL sensitivities to alpha 
radiation and to beta or gamma radiation, and the a-value relates to the equivalent dose 
by an alpha source divided by source strength. In previous studies, the k-value and 
a-value for calcite TL was 0.10–0.35 and 0.09–0.56, respectively (Wintle, 1978, 
Debenham and Aitken, 1984, Theocaris et al., 1997, Roque et al., 2001).  
   The absorbed dose rate of calcite with beta or gamma rays may be different from 
quartz, and the alpha efficiency of calcite may vary among samples. In this study, the 
author measured the alpha efficiency and the absorbed dose rate by beta and gamma 
radiation for calcite against quartz using natural samples and determined the 
relationship between those results and chemical composition (concentration of 
impurities in calcite). 
  
2.2. Materials 
2.2.1. Sample characterization 
   Four natural calcites (DH1A, DH1B, DR10-3 and ST01) were analyzed in this study. 
DH1A, DH1B and DR10-3 are Cambrian carbonates from Mongolia. ST01 is a calcite 
vein that precipitated along a crack in the olivine basalt (breccia) from Luzon 
(Philippines). All samples were identified as calcite by X-ray diffraction (XRD, Ultima 
, Rigaku Corp.; Fig. 2.1). The chemical composition of samples was measured by 
laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS, MicroLas 
GeoLas Q-plus 193 nm AtF excimer laser system and 7500s, Agilent) on a pressed 
powder pellet (Ito et al., 2009). The LA-ICP-MS sample signal was correlated to 
reference material (synthetic glass SRM 610, National Institute of Standards and 
Technology (NIST), Pearce et al., 1997) with a known chemical composition after 
normalizing an ablated volume using the internal standard (42Ca) to calculate elemental 
concentrations. The detailed experimental procedure is described in Ito et al. (2009). 
Figure 2.2 shows the sample chemical compositions. 
 
2.2.2. Sample preparation 
   The samples were crushed with a mortar and pestle, and immersed in acetic acid 
(0.5%) for one minute (Wintle, 1975). The treated samples were then annealed at 450ºC 
for 30 min to eliminate naturally accumulated TL. The samples were sieved and grains 
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<125 µm were selected for absorbed dose measurements. For alpha irradiation, grains 
between 1–8 µm were extracted by stokes settling. 
 
2.3. TL measurement 
   Beta, gamma and alpha doses were introduced to calcite samples, which were then 
measured by the single aliquot regenerative dose (SAR) method (Murray and Wintle, 
2000) using X-rays as an external artificial source. The absorbed dose rates using beta 
or gamma rays, and the alpha efficiency were calculated as [measured dose/given dose]. 
 
2.3.1. Experimental set-up 
 The TL measurements were performed with a luminescence analyzer 
(MOSL-22, MEDEC) with an X-ray source. The X-ray dose rate was calibrated to 0.10 
Gy/s for quartz using a known quartz dose (Yawata et al., 2007, Ganzawa and Ike, 
2011). Red TL (RTL, 600–650 nm) was detected by a photomultiplier tube (R649S, 
Hamamatsu, 200–850 nm, peak 420 nm) with two filters (R60, HOYA + IRC-65L, 
KENKO). The RTL signals were obtained by heating the sample from 100 to 450ºC at a 
rate of 1ºC/sec. Preheating was carried out at 180ºC for 120 sec to eliminate 
low-temperature unstable peaks and to selectively measure the thermally stable 
high-temperature peaks (>180ºC). Integrated TL intensities around the TL peak 
temperature (±10ºC) were used to calculate the equivalent dose. 
   The beta ray source was a disc type 90Sr (90Sr to 90Y, 0.55 MeV; 90Y to 90Zr, 2.3 
MeV, 10 kBq, Japan Radioisotope Association). The gamma ray source was a lift up 
type 60Co (1.2 MeV and 1.3 MeV) located at Kyoto University Research Reactor 
Institute (KURRI). The alpha ray source was a disc type 241Am (5.5 MeV, 3 MBq, 
Japan Radioisotope Association). 
 
2.3.2. Dose rate determination of each radiation source for quartz 
2.3.2.1. Beta source 
   Two beta ray sources (B1 and B2) were used to calibrate dose rates with quartz. 
Quartz grains were distributed on a silver disc (diameter = 6 mm) in the dark. The 
sample thickness was 1 mm, and the distance between the sample and radiation source 
was 1 mm. Irradiation by B1 and B2 was carried out for 90 hr and 1,154 hr, respectively, 
and the dose amount was estimated by the quartz luminescence via the SAR method. 
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The B1 and B2 dose rates were 0.0275±0.0003 and 0.0305±0.0003 Gy/hour, 
respectively. 
 
2.3.2.2. Gamma source  
   The dose rate of a gamma source for water has been published by KUURI and is 
418.8 Gy/hr at the experiment site; thus, we estimated the dose rate during our 
irradiation experiment through measurements of quartz, which was irradiated together 
with calcite samples. The samples were wrapped in aluminum foil to prevent exposure 
to light. The application of gamma radiation to samples can be influenced by distance 
from the gamma ray source, so to estimate the relationship between the distance from 
the gamma ray source and dose rate, calcite samples were sandwiched between two 
quartz samples. Samples were irradiated for 14.3 min and applied doses were estimated 
by the quartz luminescence via the SAR method using X-rays. Three aliquots of each 
quartz sample were measured to determine given doses. The dose rates of gamma ray 
for quartz were 655–684 Gy/hr. 
 
2.3.2.3. Alpha source  
   Quartz has a variety of absorbed dose rates for alpha particles (Aitken, 1985), thus 
the alpha ray source strength was estimated by an alpha track detector (Joshirao et al., 
2013). The radiation source, whose diameter is 8 mm, and polycarbonate CR-39, which 
is a track detector widely used (Kanasaki et al., 2012), was placed with a distance of 1 
mm. This is the same placement with sample irradiation procedure. After irradiation of 
63 seconds under the atmospheric condition, CR-39 was etched with 6 M-NaOH for 1 
hours at 70  (Kanasaki et al., 2012), and the number of produced tracks on CR-39 
were counted under the microscope (Eclipse 80i, Nikon). Tracks were evenly 
distributed. Five screens (one screen is 100 µm2) were observed and average track 
density was calculated as 55±4/100 µm2 without screens which have maximum or 
minimum counted tracks. During alpha particles traveling through the air of 1mm, they 
lost energy of ~0.1 MeV by the stopping power of the air. The dose rate of alpha-ray 
source (Dα) was calculated based on the number of alpha particles reaching to the 
sample disc (N) with the following equation: 
Dα=NE1.60210×10-13 
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where Dα is in J/hr, N is in the number of alpha tracks/hr and Eis the energy of the 
alpha radiation source (MeV). The irradiating dose rate from the alpha source is 
0.00137 J/hr. 
 
2.3.3. Measurement of the applied radiation dose to calcite 
2.3.3.1. Beta ray 
   The calcite samples were irradiated on a silver disc in the dark for 696–1170 hr 
(Table 2.1). The sample thickness was 1 mm, and the distance between the sample and 
radiation source was 1 mm. This maintained the same geometry as with the 
determination of source strength with quartz. One aliquot of each calcite sample was 
analyzed. 
   Irradiation (i.e. given) doses normalized for quartz were calculated from the 
irradiation duration, and were 19.5±0.2 Gy, 25.5±0.3 Gy, 22.6±0.2 Gy and 32.8±0.3 Gy 
for DR10-3, DH1A, DH1B and ST01, respectively (Table 2.1). The absorbed doses to 
calcite samples were measured by the SAR method using X-rays. The absorbed (i.e. 
measured) doses of DR10-3, DH1A, DH1B and ST01 were 5.27±0.05 Gy, 4.87±0.05 
Gy, 7.28±0.07 Gy and 8.68±0.09 Gy, respectively (Table 2.1). Thus, the ratios of the 
measured dose to the given dose, which is the absorbed dose rate (Table 2.1), are 
0.27±0.003 (DR10-3), 0.19±0.002 (DH1A), 0.32±0.003 (DH1B) and 0.26±0.003 
(ST01). 
 
2.3.3.2. Gamma ray 
   Calcite samples were irradiated for 14.3 min together with quartz. The given doses 
to the calcite samples were estimated by placing proportional samples between two 
quartz samples whose doses were determined by luminescence measurements. The 
normalized (to quartz) irradiation doses to DR10-3, DH1A, DH1B and ST01 were 
163±8 Gy, 161±8 Gy, 159±8 Gy and 156±8 Gy, respectively. Three aliquots of each 
calcite sample were then measured to determine the measured dose. These were 
analyzed by the SAR method and were 53.1±2.4 Gy, 27.3±0.7 Gy, 28.2±1.6 Gy and 
24.7±0.7 Gy for DR10-3, DH1A, DH1B and ST01, respectively (Table 2.1). Thus, the 
ratios of measured to given doses (absorbed dose rate) were 0.33±0.02 (DR10-3), 
0.17±0.01 (DH1A), 0.18±0.01 (DH1B) and 0.16±0.01 (ST01). 
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2.3.3.3. Alpha ray 
   The accumulated dose using alpha rays (measured dose) may be affected by the 
sample thickness due to the spatial energy density around the center of the alpha track. 
The effective X-ray range is ~30 cm and highly uniform irradiation is possible with 
X-rays. Therefore, the author assumes that X-rays affect the whole sample regardless of 
thickness. However, a sample thickness that allows luminescence to reach the detector 
may differ from that for the effective X-ray range. To evaluate the effective 
luminescence detection limit, the author performed an experiment using samples with 
different thicknesses. The effective range of alpha rays was also estimated using 
samples of different thicknesses. The samples were prepared by depositing fine grains 
(1–8 µm) suspending in acetone on silver discs (Zimmerman, 1972; Debenham and 
Aitken, 1985). The sample thicknesses were calculated using the disc diameter, sample 
weight and calcite density (Table 2.2).  
   The calcite samples were irradiated with alpha radiation on a silver disc in the dark. 
The distance between the sample and radiation source was 1 mm, which was the same 
as for the determination of the alpha source strength. The irradiation was carried out for 
2 hr, corresponding to a given dose of 0.00274 J; the measured dose to calcite was 
estimated by the SAR method using X-rays. The experiments to estimate the effective 
ranges of luminescence detection and alpha rays were performed on aliquots of DR10-3 
by analyzing thicknesses between 3.7–52.9 µm. The absorbed doses of DR10-3 were 
27.0–43.0 Gy (Table 2.2). For the other samples, one aliquot of each was prepared with 
thicknesses ranging between 12.5–25 µm to determine the alpha efficiency. The 
mreasured doses of DH1A, DH1B and ST01 were 46.1±3.4 Gy, 36.6±2.7 Gy and 
66.3±4.8 Gy, respectively (Table 2.3). 
 
2.4. Results and Discussion 
2.4.1. Absorbed dose rate of calcite against quartz (beta and gamma rays) 
   The ratios of measured to given doses (the given dose is the value of quartz), which 
is the absorbed dose rate with beta and gamma rays were 0.19–0.34 and 0.16–0.33, 
respectively (Table 2.1). These values indicate that the absorbed doses for calcite are 
lower than quartz. This may be caused by differences in the substitution elements 
common in calcite (e.g., Ca, Mn and Fe) and quartz (e.g., Li, Na, Al and Si). 
Electromagnetic waves (e.g., gamma and X-rays) interact with a medium in three ways, 
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via the (1) photoelectric effect, (2) Compton effect and (3) pair production. The ratio of 
these contributions depends on radiation energy and the atomic number of a medium. 
The atomic numbers of common substitution elements in calcite (20Ca, 25Mn and 26Fe) 
are heavier than quartz (3Li, 11Na, 13Al and 14Si). Thus, the absorbed dose rate for calcite 
is different from quartz because the ratios reflect contributions of the three interactions 
between electromagnetic waves and calcite or quartz (Davisson and Evans, 1952).  
   In this study, the author used tungsten target X-rays (0.059MeV, low energy 
component is eliminated by Al-absorber, Yawata et al., 2007) as artificial radiation and 
60Co (1.173MeV and 1.332MeV) as gamma radiation. The difference in radiation 
energy between X-rays and gamma rays also may affect the absorbed dose rate. 
   The absorbed dose rate from beta rays is roughly consistent with gamma rays for 
DR10-3 and DH1A (Fig. 2.3). However, DH1A and ST01 exhibit higher absorbed dose 
rates from beta rays than gamma rays. These two samples show higher concentrations 
of lighter elements (up to Ba, Fig. 2.2). The minor element concentrations may produce 
the different behaviors against gamma and beta rays.  
   The absorbed dose rate from beta and gamma rays for calcite against quartz vary 
among samples (Table 2.1). Calcite TL properties have been studied in earlier research. 
Medlin (1959) suggested that impurities in calcite (e.g., Mn2+) act as a TL activator. 
Medlin (1963) found that the orange emission from calcite reflects the transition from 
the lowest excited 4G (T1g) state to the 6S ground state in Mn ions. Medlin (1959) 
suggested that the quenching effect of Fe3+ affects the intensity of the glow peak in 
calcite TL. When absorbed dose rates are plotted against concentrations of Mn or Fe 
(Fig. 2.4), ST01 shows higher concentrations in Mn and Fe than the other three samples. 
Figure 2.4a shows an inverse correlation between absorbed dose rate from gamma ray 
and Mn concentrations; however, no clear trend is found between beta radiation and Mn 
concentrations. Concentrations of Fe in DH1A, DH1B and DR10-3 are similar, but their 
absorbed dose rate from beta and gamma rays shows variance outside of the error range. 
These results suggest that the absorbed dose rate from gamma rays may depend on Mn 
concentration. For beta rays, it is not clear which major element affects the absorbed 
dose rate. Lighter elements (up to Ba) may affect the absorbed dose rate from beta rays, 
so the author may have to consider that a combination of several elements is needed to 
fully describe the relationship between chemical composition and absorbed dose rates. 
In this study, the author measured natural calcites with complex chemical compositions, 
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which precludes us from determining the relationship between individual elemental 
concentrations and absorbed dose rates. Further analysis is necessary to evaluate and 
quantify the relationship between multiple impurities, their concentrations and the 
absorbed dose rates. This could be accomplished using synthetic calcite where the 
chemistry is controlled. 
 
2.4.2. Alpha efficiency 
   The effective range of luminescence detection and alpha rays was measured using 
DR10-3 (Table 2.2). For alpha rays, the relationship between lost energy and passing 
distance through a given material is not constant (Zimmerman, 1972); therefore, the 
effective range of alpha rays is important to determine accurate k-values. First, the 
sample thickness that allowed luminescence to reach the detector was examined. 
Luminescence intensity was measured after applying 10 Gy of X-rays at different 
sample thicknesses (Fig. 2.5). Saturation was reached at 17.6 µm, which implies 
luminescence from the surface to a depth of 17.6 µm contributes to intensity. Next, 
luminescence intensity after alpha ray irradiation for 2 hr was examined (Fig. 2.6). It 
reached a maximum at 11.8 µm, which sets the effective range of alpha rays at ~12 µm. 
Luminescence intensities when thicknesses are >11.8 µm are lower than at 11.8 µm. 
Considering the error, luminescence intensities over a thickness of 11.8 µm (except for 
52.9 µm) are similar to that at 11.8 µm. The characteristics of a sample with 52.9 µm 
thickness emit low luminescence intensity, but this may be an accident. Considering the 
density differences between calcite (2.71 g/cm3) and quartz (2.65 g/cm3), our results 
agree that the effective range of alpha rays for calcite is shorter than quartz (14 µm, 
Okumura et al., 2008). The measured dose shows two different values, a constant value 
at ~41 Gy for samples <11.8 µm, and ~31 Gy for samples >17.6 µm (Fig. 2.7). The 
growth of alpha ray-induced TL with increasing thickness is equal to X-ray until 11.8 
µm, resulting in a constant measured dose. When the sample thickness is >11.8 µm, the 
alpha ray-induced by TL is constant while X-ray-induced TL increased, resulting in the 
reduction of the measured dose. The stability of the measured dose for sample 
thicknesses >17.6 µm may be caused by constant luminescence emission, and is not 
related to thickness because sample thicknesses are over the luminescence detection 
limit.  
   Alpha efficiencies were calculated after considering the effective range of alpha ray 
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and the luminescence detection limit (Fig. 2.8 and Table 2.2). Alpha ray doses (i.e. 
given dose) for samples with thicknesses <11.8 µm were corrected for the effective 
range of alpha rays and sample thickness, assuming a homogeneous distribution of 
luminescence sites within a sample. For thicknesses >17.6 µm, measured doses were 
corrected for sample weight at a thickness of 17.6 µm. The alpha efficiencies of samples 
after correction were similar regardless of sample thickness (0.023–0.030). The 
absorbed dose rate from gamma rays in calcite against quartz is 0.33 for DR10-3, 
resulting in k-values of 0.070–0.091. This is consistent with earlier studies that found 
lower values (k-value = 0.10–0.35, Theocaris et al., 1997, Roque et al., 2001). Accurate 
k-values may be possible to generate for any sample thickness when corrected for the 
alpha ray effective range and luminescence detection limit. However, for alpha rays, the 
relationship between lost energy and distance should not be assumed to be constant over 
the entire sample thickness; thus, sample thicknesses over the effective range of alpha 
rays and below the luminescence detection limit are preferable for measuring alpha 
efficiency. 
   The alpha efficiencies of DH1A, DH1B and ST01 were analyzed for samples with 
thicknesses of 12.5 µm (DH1A, DH1B) and 25.0 µm (ST01, Table 2.3). The resultant 
alpha efficiencies were 0.029±0.002, 0.023±0.002 and 0.058±0.004 for DH1A, DH1B 
and ST01, respectively. The k-values were calculated using the absorbed dose rate from 
gamma rays for each calcite against quartz, and were 0.17±0.02, 0.13±0.01 and 
0.36±0.04 for DH1A, DH1B and ST01, respectively. This result is consistent with 
previous studies (k-value = 0.10–0.35, Theocaris et al., 1997, Roque et al., 2001). The 
alpha efficiencies and the k-values were also plotted against concentrations of Mn or Fe 
(Figs. 2.9 and 2.10) and the alpha efficiencies are correlated with Mn and Fe 
concentrations (Fig. 2.9). Figure 2.10a shows the correlation between k-values and Mn 
concentrations. Concentrations of Fe in DH1A, DH1B and DR10-3 are similar, but their 
k-values vary significantly (Fig. 2.10b). These results suggest that the k-values for 
calcite may depend on Mn concentration. Zimmerman (1972) found that the higher the 
beta saturation dose is, the higher the k-value is. His results support the interpretation 
that the alpha efficiency is lower than beta and gamma efficiency because the ionization 
density produced by alpha particles is so great the TL traps, lying in the central core of 
tracks, become saturated, resulting in a much greater proportion of the ionized electrons 
going to waste than beta and gamma radiation. Our results indicate that higher k-value 
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correspond to samples with higher Mn concentrations. Therefore, the author concludes 
that luminescence traps (saturation dose) increase with increasing Mn concentration. 
 
2.5. Conclusions 
   The absorbed dose rate of calcite is lower than quartz. This may be caused by 
differences in the common substitution elements of calcite and quartz, as well as the 
interactions between medium with different atomic numbers and various radiation 
energies. The absorbed dose rate from beta rays is higher than gamma ray in some 
samples. These samples show high concentrations in lighter elements (up to Ba), 
suggesting that the concentration of minor elements may cause the different behavior 
with beta and gamma rays. The absorbed dose rate from gamma rays may depend on 
Mn concentrations. However, there is no main element that affects the absorbed dose 
rate from beta rays. Further analysis is needed to quantitatively evaluate the relationship 
between multiple impurities, their concentrations and the absorbed dose rate. 
   The accumulated dose from alpha rays is influenced by the sample thickness 
because of spatial energy density around the center of the alpha track and the detection 
range of luminescence. Thus, for accurate k-value measurements, an evaluation of the 
effective range of alpha rays and the luminescence detection limit is important. The 
k-values for calcite may depend on Mn concentrations, and the author suggests that 
luminescence traps (saturation dose) increase with increasing Mn concentration.  
   The absorbed dose rate from beta and gamma rays and the k-values for calcite may 
depend on Mn and the other elemental concentrations. For accurate TL dating of calcite, 
the determination of absorbed dose rates and k-values or a-values is important. 
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Abstract 
 Thermoluminescence dating as well as 14C and Th/U datings has been applied 
to calcite, but it is less popular partly because the difference in luminescence response 
for different kinds of radiation is not clear. To report more reliable thermoluminescence 
ages from calcite, fundamental characteristics of its response to radiation exposure were 
investigated and related to chemical composition. The author measured the absorbed 
dose rate for calcite using natural samples and found values of 0.19–0.34 and 0.16–0.33 
compared to quartz for beta and gamma rays, respectively. These values are lower than 
for quartz and may be caused by differences in common substitution elements in calcite 
(20Ca, 25Mn and 26Fe) versus quartz (3Li, 11Na, 13Al and 14Si), as well as the interaction 
between mediums with different atomic numbers and radiation energies. The beta ray 
absorbed dose rate is higher than the gamma ray rate for some samples. These samples 
show relatively higher concentrations in lighter elements (up to Ba); thus, the 
concentration of minor elements may cause the different behavior between beta and 
gamma rays. The gamma ray absorbed dose rate may depend on the Mn concentration; 
however, it is not clear which elements affect the beta ray absorbed dose rate. The 
accumulated dose from alpha rays is affected by sample thickness because of the spatial 
energy density around the center of the alpha track and the luminescence detection 
range. Thus, for accurate alpha efficiency measurements, evaluation of the effective 
alpha ray range and luminescence detection thickness is important. The k-value (alpha 
efficiency against absorbed gamma ray dose rate) increases with Mn concentrations. 
Previous studies suggested that the alpha efficiency is lower than beta and gamma 
efficiency because the ionization density produced by alpha particles is so great that the 
thermoluminescence traps in the central core of tracks become saturated. This leads to a 
much greater proportion of the ionized electrons going to waste than with beta and 
gamma radiation. Thus, the author determined that luminescence traps increase with 
increasing Mn concentrations. 
 
1. Introduction 
Calcite (CaCO3) is a ubiquitous mineral found in many geological formations. 
42
Fig. 2.1 Sample XRD patterns. All samples were identified as calcite. 
















































































































2. Measurement of absorbed dose rate by beta, gamma and alpha radiation for the precise 
thermoluminescence dating of calcite  
 
 27 
2. Measurement of absorbed dose rate by beta, gamma and alpha radiation for the 
precise thermoluminescence dating of calcite  
 
Abstract 
 Thermoluminescence dating as well as 14C and Th/U datings has been applied 
to calcite, but it is less popular partly because the difference in luminescence response 
for different kinds of radiation is not clear. To report more reliable thermoluminescence 
ages from calcite, fundamental characteristics of its response to radiation exposure were 
investigated and related to chemical composition. The author measured the absorbed 
dose rate for calcite using natural samples and found values of 0.19–0.34 and 0.16–0.33 
compared to quartz for beta and gamma rays, respectively. These values are lower than 
for quartz and may be caused by differences in common substitution elements in calcite 
(20Ca, 25Mn and 26Fe) versus quartz (3Li, 11Na, 13Al and 14Si), as well as the interaction 
between mediums with different atomic numbers and radiation energies. The beta ray 
absorbed dose rate is higher than the gamma ray rate for some samples. These samples 
show relatively higher concentrations in lighter elements (up to Ba); thus, the 
concentration of minor elements may cause the different behavior between beta and 
gamma rays. The gamma ray absorbed dose rate may depend on the Mn concentration; 
however, it is not clear which elements affect the beta ray absorbed dose rate. The 
accumulated dose from alpha rays is affected by sample thickness because of the spatial 
energy density around the center of the alpha track and the luminescence detection 
range. Thus, for accurate alpha efficiency measurements, evaluation of the effective 
alpha ray range and luminescence detection thickness is important. The k-value (alpha 
efficiency against absorbed gamma ray dose rate) increases with Mn concentrations. 
Previous studies suggested that the alpha efficiency is lower than beta and gamma 
efficiency because the ionization density produced by alpha particles is so great that the 
thermoluminescence traps in the central core of tracks become saturated. This leads to a 
much greater proportion of the ionized electrons going to waste than with beta and 
gamma radiation. Thus, the author determined that luminescence traps increase with 
increasing Mn concentrations. 
 
1. Introduction 

























































2. Measurement of absorbed dose rate by beta, gamma and alpha radiation for the precise 
thermoluminescence dating of calcite  
 
 27 
2. Measurement of absorbed dose rate by beta, gamma and alpha radiation for the 
precise thermoluminescence dating of calcite  
 
Abstract 
 Thermoluminescence dating as well as 14C and Th/U datings has been applied 
to calcite, but it is less popular partly because the difference in luminescence response 
for different kinds of radiation is not clear. To report more reliable thermoluminescence 
ages from calcite, fundamental characteristics of its response to radiation exposure were 
investigated and related to chemical composition. The author measured the absorbed 
dose rate for calcite using natural samples and found values of 0.19–0.34 and 0.16–0.33 
compared to quartz for beta and gamma rays, respectively. These values are lower than 
for quartz and may be caused by differences in common substitution elements in calcite 
(20Ca, 25Mn and 26Fe) versus quartz (3Li, 11Na, 13Al and 14Si), s well as the interaction 
between mediums with different atomic numbers and radiation energies. The beta ray 
absorbed dose rate is higher than the gamma ray rate for some samples. These samples 
show relatively higher concentrations in lighter elements (up to Ba); thus, the 
concentration of minor elements may cause the different behavior between beta and 
gamma rays. The gamma ray absorbed dose rate may depend on the Mn concentration; 
however, it is not clear which elements affect the beta ray absorbed dose rate. The 
accumulated dose from alpha rays is affected by sample thickness because of the spatial 
energy density around the center of the alpha track and the luminescence detection 
range. Thus, for accurate alpha efficiency measurements, evaluation of the effective 
alpha ray range and luminescence detection thickness is important. The k-value (alpha 
efficiency against absorbed gamma ray dose rate) increases with Mn concentrations. 
Previous studies suggested that the alpha efficiency is lower than beta and gamma 
efficiency because the ionization density produced by alpha particles is so great that the 
thermoluminescence traps in the central core of tracks become saturated. This leads to a 
much greater proportion of the ionized electrons going to waste than with beta and 
gamma radiation. Thus, the author determined that luminescence traps increase with 
increasing Mn concentrations. 
 
1. Introduction 
Calcite (CaCO3) is a ubiquitous mineral found in many geological formations. 
44
Fig. 2.3 Plot of absorbed dose rate of beta versus gamma radiation. The dashed line shows 
a 1:1 concentration. 
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Fig. 2.4 Absorbed dose rate of beta and gamma rays for calcite against quartz as a function 
of (a) Mn and (b) Fe concentrations. Small figures in the upper right corner of (a) and (b) 
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Fig. 2.5 Luminescence intensity of samples (10 Gy by X-ray) as a function of sample 
thickness. The error in luminescence intensity was calculated by the intensities induced by 
test doses (7 cycles). The error in sample thickness was established with repetition and 
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Fig. 2.6 Luminescence intensity of samples irradiated by alpha rays for 2 hr plotted as a 
























Thickness of sample (µm)




2. Measurement of absorbed dose rate by beta, gamma and alpha radiation for the precise 
thermoluminescence dating of calcite  
 
 27 
2. Measurement of absorbed dose rate by beta, gamma and alpha radiation for the 
precise thermoluminescence dating of calcite  
 
Abstract 
 Thermoluminescence dating as well as 14C and Th/U datings has been applied 
to calcite, but it is less popular partly because the difference in luminescence response 
for different kinds of radiation is not clear. To report more reliable thermoluminescence 
ages from calcite, fundamental characteristics of its response to radiation exposure were 
investigated and related to chemical composition. The author measured the absorbed 
dose rate for calcite using natural samples and found values of 0.19–0.34 and 0.16–0.33 
compared to quartz for beta and gamma rays, respectively. These values are lower than 
for quartz and may be caused by differences in common substitution elements in calcite 
(20Ca, 25Mn and 26Fe) versus quartz (3Li, 11Na, 13Al and 14Si), as well as the interaction 
between mediums with different atomic numbers and radiation energies. The beta ray 
absorbed dose rate is higher than the gamma ray rate for some samples. These samples 
show relatively higher concentrations in lighter elements (up to Ba); thus, the 
concentration of minor elements may cause the different behavior between beta and 
gamma rays. The gamma ray absorbed dose rate may depend on the Mn concentration; 
however, it is not clear which elements affect the beta ray absorbed dose rate. The 
accumulated dose from alpha rays is affected by sample thickness because of the spatial 
energy density around the center of the alpha track and the luminescence detection 
range. Thus, for accurate alpha efficiency measurements, evaluation of the effective 
alpha ray range and luminescence detection thickness is important. The k-value (alpha 
efficiency against absorbed gamma ray dose rate) increases with Mn concentrations. 
Previous studies suggested that the alpha efficiency is lower than beta and gamma 
efficiency because the ionization density produced by alpha particles is so great that the 
thermoluminescence traps in the central core of tracks become saturated. This leads to a 
much greater proportion of the ionized electrons going to waste than with beta and 
gamma radiation. Thus, the author determined that luminescence traps increase with 
increasing Mn concentrations. 
 
1. Introduction 
Calcite (CaCO3) is a ubiquitous mineral found in many geological formations. 
48
Fig. 2.7 A plot of the equivalent dose from alpha ray (measured dose) against sample 
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Fig. 2.8 Relationship between alpha efficiency and sample thickness. See Figure 5 for 
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Previous studies suggested that the alpha efficiency is lower than beta and gamma 
efficiency because the ionization density produced by alpha particles is so great that the 
thermoluminescence traps in the central core of tracks become saturated. This leads to a 
much greater proportion of the ionized electrons going to waste than with beta and 
gamma radiation. Thus, the author determined that luminescence traps increase with 
increasing Mn concentrations. 
 
1. Introduction 
Calcite (CaCO3) is a ubiquitous mineral found in many geological formations. 
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Fig. 2.9 The alpha efficiency as a function of (a) Mn and (b) Fe concentrations. Small 
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2. Measurement of absorbed dose rate by beta, gamma and alpha radiation for the 
precise thermoluminescence dating of calcite  
 
Abstract 
 Thermoluminescence dating as well as 14C and Th/U datings has been applied 
to calcite, but it is less popular partly because the difference in luminescence response 
for different kinds of radiation is not clear. To report more reliable thermoluminescence 
ages from calcite, fundamental characteristics of its response to radiation exposure were 
investigated and related to chemical composition. The author measured the absorbed 
dose rate for calcite using natural samples and found values of 0.19–0.34 and 0.16–0.33 
compared to quartz for beta and gamma rays, respectively. These values are lower than 
for quartz and may be caused by differences in common substitution elements in calcite 
(20Ca, 25Mn and 26Fe) versus quartz (3Li, 11Na, 13Al and 14Si), as well as the interaction 
between mediums with different atomic numbers and radiation energies. The beta ray 
absorbed dose rate is higher than the gamma ray rate for some samples. These samples 
show relatively higher concentrations in lighter elements (up to Ba); thus, the 
concentration of minor elements may cause the different behavior between beta and 
gamma rays. The gamma ray absorbed dose rate may depend on the Mn concentration; 
however, it is not clear which elements affect the beta ray absorbed dose rate. The 
accumulated dose from alpha rays is affected by sample thickness because of the spatial 
energy density around the center of the alpha track and the luminescence detection 
range. Thus, for accurate alpha efficiency measurements, evaluation of the effective 
alpha ray range and luminescence detection thickness is important. The k-value (alpha 
efficiency against absorbed gamma ray dose rate) increases with Mn concentrations. 
Previous studies suggested that the alpha efficiency is lower than beta and gamma 
efficiency because the ionization density produced by alpha particles is so great that the 
thermoluminescence traps in the central core of tracks become saturated. This leads to a 
much greater proportion of the ionized electrons going to waste than with beta and 
gamma radiation. Thus, the author determined that luminescence traps increase with 
increasing Mn concentrations. 
 
1. Introduction 
Calcite (CaCO3) is a ubiquitous mineral found in many geological formations. 
51
Fig. 2.10 The k-value a  a function of (a) Mn and (b) Fe conc ntrations. Small figures in 























































3. Thermoluminescence efficiencies induced by beta, gamma and X rays of Mg, 
Mn and Fe doped synthetic calcite 
 
Abstract 
In this study, synthetic calcites with controlled impurity concentrations were analyzed 
to evaluate relationship between multiple impurity concentration and beta and gamma 
efficiency (the ratios of equivalent dose to given dose by beta and gamma ray, 
respectively). Samples were doped with Mg, Mn and Fe. Gamma and beta efficiencies 
are 0.115-0.398 and 0.122-0.481, respectively, and it indicates that equivalent doses of 
calcite samples were underestimated when calibration curve was created with X-ray 
source calibrated using quartz. The gamma and beta efficiencies are inversely 
proportional to logarithms of Mg+Mn+Fe and (Mg+Mn+Fe)/Fe, respectively. These 
may be caused by differences in the common substitution elements of calcite and quartz, 
as well as the interactions between medium with different atomic numbers and various 
radiation energies. The contribution of photoelectric effect increases with increasing 
impurity (Mg, Mn and Fe) concentration for radiation of 0.059MeV (tungsten target 
X-ray), thus gamma efficiency may decrease with increasing total impurity 
concentrations (Mg+Mn+Fe). Beta efficiencies must be considered together with the 
Cathodoluminescence emission. Fe, which works as quencher in Cathodoluminescence, 
may keep radiation energy from beta ray instead of transmitting to activator, thus 
accumulated dose of calcite may increase with increasing Fe concentration; therefore, 
beta efficiency may inversely proportional to logarithm of (Mg+Mn+Fe)/Fe. 
  
3.1. Introduction 
   When dielectric minerals interact with ionizing radiation, semi-stable electron and 
hole trapping sites are created within forbidden band. These minerals emit luminescence 
when heated and this phenomenon is referred to as thermoluminescence (TL). The 
emitted luminescence intensity is proportional to the accumulated radiation dose applied 
to the mineral by environmental radioisotopes. Therefore, TL can be applied to the 
dating of archaeological artifacts, volcanic products and sediments (Aitken, 1985). 
Quartz, feldspar and calcite are known to be TL emitters in the geoscience field. 
   Calcite is a ubiquitous mineral found in many geological formations, thus calcite is 
useful to provide information for geological and archaeological age determination 




(Wefer and Berger, 1991, Suzuki et al., 1999, Flotté et al., 2001, Roque et al., 2001, 
Watanabe et al., 2008, Kano, 2012). 
   To estimate the accumulated dose, an artificial dose is used to produce a response 
curve (calibration curve) for luminescence emission. 90Sr/90Y beta source has commonly 
been applied as artificial radiation source for luminescence dating study, however, this 
provides only a fixed dose rate and requires heavy shielding to protect against 
bremsstrahlung X-rays from the 90Sr/90Y beta source (Yawata et al., 2007). Furthermore, 
some countries, such as Japan, have very restrictive regulations on the use of radioactive 
sources, thus installing of beta radiation source on the luminescence measuring system 
is difficult (Hashimoto et al., 2002, Bøtter-Jensen et al., 2003). Hashimoto et al. (2002) 
proposed the preferred use of a small X-ray generator (Varian VF-50J) instead of the 
90Sr/90Y beta source as an artificial dose radiation. The advantages of the use of X-ray 
as standard radiation source are (1) fine linearity between tube current and X-ray dose 
rate, (2) a wide dynamic range of applicable dose rates, (3) a highly uniform irradiation 
characteristics to the sample area and (4) less restrictive regulations for general 
laboratory use than with beta sources (Bøtter-Jensen et al., 2003, Yawata et al., 2007).  
   X-ray radiation source is equipped with a luminescence reader of Kanazawa 
University and the dose rate is calibrated using quartz to calculate laboratory irradiation 
doses (Kadereit and Kreutzer, 2013). Bøtter-Jensen et al. (2003) concluded that the 
relative response of quartz to 50kV X-rays and 90Sr/90Y beta particles is 
indistinguishable, and Pernicka and Wagner (1979) reported that the relationship 
between beta and gamma ray luminescence efficiencies is linear for quartz. However, 
our earlier study (Ogata et al., submitted) suggested that equivalent dose of calcite, 
which was given a known dose by beta or gamma ray, was underestimated with X-ray 
calibrated using quartz (hereafter the ratios of equivalent dose to given dose by beta and 
gamma ray are called beta efficiency and gamma efficiency, respectively). This result 
may be caused by differences in the common substitution elements of calcite and quartz, 
as well as the interactions between medium with different atomic numbers and various 
radiation energies. The gamma efficiency may depend on Mn concentrations, however, 
it is not clear which elements affect the beta efficiency because the measurement was 
carried out some natural calcites with complex chemical composition, which precludes 
us form determining the relationship between individual element concentrations and 
efficiencies.  




   In this study, synthetic calcites with controlled impurity concentrations were 
analyzed to evaluate, together with four natural calcites (ST01, DH1A, DH1B and 
DR10-3: Details are in Ogata et al., submitted), relationship between multiple impurity 
concentration and beta and gamma efficiency. 
 
3.2. Sample 
   Synthetic calcites were analyzed. Detailed of synthesis experiments and calcite 
sample characterization are described as follows. 
 
3.2.1. Synthesis experiment 
   Mn2+ and Fe3+ act as TL activator or quencher for calcite, respectively (Medlin, 
1959), and these elements may affect the beta and gamma efficiency (Ogata et al., 
submitted). Most of natural calcites include a lot of Mg, and Macedo et al. (1999) 
reported that Mg2+ act as activator for calcite. Thus, Mn, Fe and Mg were doped in 
synthetic calcite. 
   Synthesis experiments were conducted from 23 different initial conditions (Table 
3.1) with solutions of CaCl2, Na2Co3, MnCl2, FeCl2, MgCl2•6H2O (Wako, Special 
Grade). 900mL of ion exchanged water was poured to the reaction vessel. The mixed 
solutions, which are composed of CaCl2, MnCl2, FeCl2 and MgCl2•6H2O, were then 
added to ion exchanged water, and the solutions were mixed. Finally, 50mL of 
1M-Na2CO3 solutions were added to the mixed solutions. Immediately after Na2CO3 
was added to the solution, suspension was formed in the reaction vessel. The 
suspensions were stirred constantly using a magnetic stirrer for 48 hours at 25. After 
stirring, the suspensions were filtered through a 0.2 µm membrane. The solids were 
dried with a oven at 60 for 36 hours (Nishiyama et al., 2013). 
 
3.2.2. Sample characterization 
   All samples were analyzed with powder X-ray diffraction (XRD, Ultima , CuKα, 
40kV, 30mA; Rigaku Corp.). The measurement were performed in the range from 3°2θ 
to 65°2θ, and scan speed is 1.000°2θ/min. All samples except for Single6. 9 and 11 
were identified as calcite (Fig. 3.1). The XRD patterns of Single6 (53.8 ppm of Mg 
doped sample) and Single9 (201 ppm of Fe doped sample), and Single11 (11800 of Fe 
doped calcite) show vaterite (CaCO3) peak, and vaterite and siderite (FeCO3) peaks, 




respectively. The occurrence of vaterite is caused by insufficient agitation. Siderite may 
be precipitated due to the high dosage of Fe. For Single6 and Single9, vaterite peaks are 
smaller than calcite peaks, and vaterite is changed to calcite by heating (Yamaguchi and 
Murakawa, 1981), thus the effect of vaterite may be negligible. For Single11, vaterite 
peak is as high as calcite peak intensities, and siderite is precipitated, thus the 
consideration of the effect of vaterite and siderite to luminescence efficiency is needed. 
   The chemical composition of samples was measured by laser ablation inductively 
coupled plasma mass spectrometry (LA-ICP-MS, MicroLas GeoLas Q-plus 193 nm AtF 
excimer laser system and 7500s, Agilent) on a pressed powder pellet (Ito et al., 2009). 
The LA-ICP-MS sample signal was correlated to reference material (synthetic glass 
SRM 610, National Institute of Standards and Technology (NIST), Pearce et al., 1997) 
with a known chemical composition after normalizing an ablated volume using the 
internal standard (42Ca or 43Ca) to calculate elemental concentrations. The detailed 
experimental procedure is described in Ito et al. (2009). Table 3.1 and Figure 3.2 show 
chemical compositions of samples. Doping element concentration in samples increase 
with increasing dosage (Fig. 3.3). Mo also increase with increasing dosage of Mn, thus 
MnCl2 solution include a small amount of Mo. There is no correlation in concentrations 
of the doping element and other element except for Mo. Amount of dosage and resultant 
element concentration in samples are almost same. 
 
3.3. TL measurements 
   Beta and gamma doses were introduced to calcite samples, which were then 
measured by the single aliquot regenerative dose (SAR) method (Murray and Wintle, 
2000) using X-rays as an external artificial source. The beta and gamma efficiency were 
calculated as [measured dose/given dose]. Analytical procedures follow those described 
in Ogata et al. (submitted). All samples were annealed at 450 for 30 min before beta 
and gamma irradiation measurements. 
 
3.3.1. Experimental set-up 
   The TL measurements were performed with a luminescence analyzer (MOSL-22, 
MEDEC) with an X-ray source (Varian VF-50J, W target, 0.059MeV). Al-absorber of 
200µm is used to eliminate low-energy X-rays (Yawata et al., 2007). The X-ray dose 
rate was calibrated as 0.10 Gy/s using quartz with a known quartz dose (Yawata et al., 




2007, Ganzawa and Ike, 2011). Red TL (RTL, 600–650 nm) was detected by a 
photomultiplier tube (R649S, Hamamatsu, 200–850 nm, peak 420 nm) with two filters 
(R60, HOYA + IRC-65L, KENKO). The RTL signals were obtained by heating the 
sample from 100 to 450ºC at a rate of 1ºC/sec. Preheating was carried out at 180ºC for 
120 sec to eliminate low-temperature unstable peaks and to selectively measure the 
thermally stable high-temperature peaks (>180ºC). Integrated TL intensities around the 
TL peak temperature (±10-15ºC) were used to calculate the equivalent dose. 
   The beta ray source was a disc type 90Sr (90Sr to 90Y, 0.55 MeV; 90Y to 90Zr, 2.3 
MeV, 10 kBq, Japan Radioisotope Association). The gamma ray source was a lift up 
type 60Co (1.2 MeV and 1.3 MeV) located at Kyoto University Research Reactor 
Institute (KURRI). 
 
3.3.2. Dose rate determination of each radiation source for quartz 
3.3.2.1. Gamma source 
   The gamma irradiations were carried out two times at KURRI. The dose rates of a 
gamma source for water has been published by KURRI and are 439.2 and 418.8 Gy/hr 
on 2015/10/15 (Expt.1) and 2016/2/23 (Expt.2), respectively, at the experiment site. The 
dose rate for quartz during our irradiation experiments was estimated through 
measurements of quartz, which was irradiated together with calcite samples. The 
samples were wrapped in aluminum foil to prevent exposure to light. The application of 
gamma radiation to samples can be influenced by distance from the gamma ray source, 
thus to estimate the relationship between the distance from the gamma ray source and 
dose rate, calcite samples were sandwiched between two quartz samples. Samples were 
irradiated for 13.7 min (Expt.1) and 14.3 min (Expt.2), and applied doses were 
estimated by the quartz luminescence via the SAR method using X-rays. Two aliquots 
(Expt.1) or three aliquots (Expt.2) of each quartz sample were measured to determine 
given doses. The dose rates of gamma ray for quartz were 517-582 Gy/hr (Expt.1) and 
705-835 Gy/hr (Expt.2).  
 
3.3.2.2. Beta source 
   Two beta ray sources (B1 and B2) were used and dose rates were calibrated with 
quartz. Quartz grains were distributed on a silver disc (diameter = 6 mm) in the dark. 
The sample thickness was 1 mm, and the distance between the sample and radiation 




source was 1 mm. Irradiation by B1 and B2 was carried out for 90 hr and 1,154 hr, 
respectively, and the dose rate was estimated by the quartz luminescence via the SAR 
method. Experiments were only possible for once for each source. Therefore, error of 
10% was considered as a realistic estiate. The B1 and B2 dose rates were 
0.0275±0.0028 and 0.0305±0.0031 Gy/hour, respectively (Ogata et al., submitted). 
 
 
3.3.3. Measurement of the applied radiation dose to calcite 
3.3.3.1 Gamma ray 
   The gamma irradiations were carried out two times. Single1-11, Dual5, 6, 11 and 12 
were irradiated for 13.7 min on 2015/10/15 (Expt.1), and Dual1-4 and 7-10 were 
irradiated for 14.3 min on 2016/2/23 (Expt.2). The given doses to the calcite samples 
were estimated by placing proportional samples between two quartz samples whose 
doses were determined by luminescence measurements. The normalized (to quartz) 
irradiation doses to samples were 118-133 (Expt.1) and 168-199 Gy (Expt.2) (Table 
3.2). Three aliquot of each calcite sample were then measured by the SAR method to 
determine the measured dose (Table 3.2). No doped sample (No Dope) and samples 
doped with Fe or Mg (Single 6-11) emit little amount of luminescence because these 
samples are not included Mn which is important activator, and given dose was not 
determined. The ratios of measured to given doses (gamma efficiency) vary from 
0.115±0.008 (Single5) to 0.398±0.019 (Single1) (Table 3.2). 
 
3.3.3.2. Beta ray 
   The experiment to estimate the beta efficiency was carried out using Single1-4, 
Dual3-5, 9 and 10. The calcite samples were irradiated on a silver disc in the dark for 
625-1660 hr (Table 3.2). The sample thickness was 1mm, and the distance between the 
sample and radiation source was 1mm. This maintained the same geometry as with the 
determination of source strength with quartz. One aliquot of each calcite sample was 
analyzed. 
   Irradiation (i.e. given) doses normalized for quartz were calculated from irradiation 
duration and were 17.5-51.4 Gy (Table 3.2). The equivalent (i.e. measured) doses of 
calcites were measured by the SAR method using X-rays (Table 3.2). The ratios of 
measured dose to given dose (beta efficiency) vary from 0.122±0.012 (Single4) to 




0.481±0.048 (Dual9) (Table 3.2). 
 
3.4. Results 
   The resultant beta and gamma efficiencies (the ratios of measured to given doses: 
0.122-0.481 for beta ray and 0.115-0.398 for gamma ray) (Table 3.2) indicate that the 
equivalent doses of calcite samples were underestimated with X-ray calibrated using 
quartz. These results are consistent with those previously obtained in a study of natural 
calcites (Ogata et al., submitted).  
   Beta and gamma efficiencies vary among samples (Table 3.2). The beta efficiency is 
roughly consistent with gamma efficiency for some calcites (Fig. 3.4). However, Dual9, 
ST01 and DH1B exhibit higher beta efficiency than gamma efficiency. The behaviors of 
beta and gamma efficiencies may be different. 
   The gamma efficiencies may depend on Mn concentration (Ogata et al., submitted), 
thus beta and gamma efficiencies are plotted against Mn concentrations (Fig. 3.5 and 
3.7). Figure 3.5 shows an inverse correlation between gamma efficiency and Mn 
concentration for Mn doped calcites (Single1-5). By doping Mg or Fe together with Mn, 
the gamma efficiency decreases (Dual1-12). The gamma efficiencies of DH1A, DH1B 
and DR10-3 are lower than that of Single2 although Mn concentrations in those samples 
are similar. Thus, Mg and Fe impurities decrease gamma efficiency. When gamma 
efficiencies are plotted against total impurity concentrations (Fig. 3.6; impurity 
concentrations are Mn, Mg+Mn, Fe+Mn or Mg+Fe+Mn concentrations for Single1-5, 
Dual1-6, Dual7-12 and Natural calcites), it shows better inverse correlation between 
gamma efficiency and impurity concentrations. 
   Figure 3.7 shows an inverse correlation between beta efficiency and Mn 
concentration for Mn doped calcites (Single1-4). By doping Fe or Mg together with Mn, 
beta efficiency increases (Dual9 and Dual11: Fe doped) or decreases (Dual4: Mg 
doped). Thus, Mg and Mn may decrease beta efficiency, and Fe may increase beta 
efficiency. When the author looks into natural samples, beta efficiencies of DH1A and 
DR10-3 are low, and that of ST01 is high compared to Mn doped calcites (Single1-4). 
When beta efficiencies are plotted against (Mg+Mn+Fe) (Fig. 3.8) or (Mg+Mn+Fe)/Fe 
(Fig. 3.9), an inverse correlation between beta efficiency and (Mg+Mn+Fe)/Fe is better 
than that and (Mg+Mn+Fe).  
 





   Gamma efficiencies of synthetic calcites are under 1.0. This may be caused by 
differences in the common substitution elements of calcite (e.g., Ca, Mg, Mn and Fe) 
and quartz (e.g., Li, Na, Al and Si), and in radiation energy of 60Co gamma ray (1.2 
MeV and 1.3 MeV) and X-ray produced by tungsten target (0.059MeV). 
Electromagnetic waves (gamma and X-rays) interact with a medium in three ways, via 
the (1) photoelectric effect, (2) Compton effect and (3) pair production. The ratio of 
these contributions depends on radiation energy and the atomic number of a medium 
(Davisson and Evans, 1952). The atomic numbers of common substitution elements in 
calcite (20Ca, 25Mn and 26Fe) are heavier than quartz (3Li, 11Na, 13Al and 14Si). The 
contribution ratio of Compton effect to common substitution in quartz is the largest in 
the range from 0.059 (tungsten target X-ray) to 1.3 MeV (60Co gamma ray). Thus, the 
effect of 60Co gamma ray to luminescence efficiency for quartz may be similar to the 
effect of tungsten target X-ray. The contribution ratio of Compton effect to common 
substitution in calcite is the largest at 1.3 MeV, however, the contribution ratio of 
photoelectric effect to common substitution in calcite is the largest at 0.059MeV. Thus, 
the effect of 60Co gamma ray to luminescence efficiency for calcite may be different 
from the effect of tungsten target X-ray. The contribution of photoelectric effect may be 
more significant than the Compton effect to luminescence efficiency for calcite. 
Therefore, equivalent dose of calcite was underestimated with X-ray calibrated using 
quartz because of the difference in the common substitution elements of calcite and 
quartz, and in radiation energy of 60Co gamma ray and tungsten target X-ray. The 
contribution of photoelectric effect increases with increasing impurity (Mg, Mn and Fe) 
concentration at 0.059MeV, thus gamma efficiency may decrease with increasing total 
impurity concentrations.  
   Beta efficiency under 1.0 (i.e. underestimation of equivalent dose of calcite by beta 
ray) also may be caused by differences in the common substitution elements of calcite 
and quartz, as well as the interactions between medium with different atomic numbers 
and various radiation energies, in the same way discussed for gamma efficiency. 
However, Figure 3.7 indicates that Fe increases beta efficiency, while it decrease 
gamma efficiency (Fig. 3.5). Fe impurity may affect the beta efficiency in different 
ways discussed above. Cathodoluminescence (CL) is optical and electromagnetic 
phenomenon caused by electron beam. Calcite is known to emit CL (Long and Agrell, 




1965). Mn and Fe work as activator and quencher, respectively, in calcite CL 
(Tsukamoto, 1994). Dose given by beta ray may be released by CL emittance 
immediately after beta irradiation. However, Fe, which works as quencher, may keep 
radiation energy from beta ray instead of transmitting it to activator. Thus, accumulated 
dose of calcite may increase with increasing Fe concentration; therefore, beta efficiency 




   Beta and gamma efficiencies of synthetic calcites are under 1.0, and it indicates that 
the equivalent doses of calcite samples were underestimated with X-ray source 
calibrated using quartz. These results are consistent with those previously obtained in a 
study of natural calcites (Ogata et al., submitted). This may be caused by differences in 
the common substitution elements of calcite and quartz, as well as the interactions 
between medium with different atomic numbers and various radiation energies. The 
contribution of photoelectric effect increases with increasing impurity (Mg, Mn and Fe) 
concentration for radiation of 0.059MeV (tungsten target X-ray), thus gamma efficiency 
may decrease with increasing total impurity concentrations (Mg+Mn+Fe). Beta 
efficiencies must be considered together with the CL emission. Fe, which works as 
quencher in CL, may keep radiation energy from beta ray instead of transmitting to 
activator, thus accumulated dose of calcite may increase with increasing Fe 
concentration; therefore, beta efficiency may be inversely proportional to logarithm of 
(Mg+Mn+Fe)/Fe. 
   Beta and gamma efficiencies may depend on Mg, Mn and Fe concentrations. Beta 
and gamma rays are originated from environmental radioisotopes, and the energy of 
gamma ray from uranium series is higher than that from tungsten target X-ray, thus the 
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Fig. 3.1 (to be continued)
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C CCC CC CC
C C:	Calcite	
Dual12
Fig. 3.1 XRD patterns of synthetic calcite samples. (a) No Dope (No doped calcite),  
(b) Single1-Single5 (Mn doped calcites), (c) Single6-Single8 (Mg doped calcites), 
(d) Single9-Single11 (Fe doped calcites), (e) Dual1-Dual6 (Mn and Mg doped 
calcites) and (f) Dual7-Dual12 (Mn and Fe doped calcites). See Table 1 for the detail 








































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Fig. 3.3 Plot of element concentrations measured by LA-ICP-MS versus assumed doped 
















Fig. 3.4 Plot of beta versus gamma efficiency. The dashed line shows a 1:1. See Table 


























































Fig. 3.5 Plot of gamma efficiency as a function of Mn concentrations. Synthetic calcite (Mn), (Mn+Mg) 







































Fig. 3.6 Plot of gamma efficiency as a function of impurity concentrations. Impurity concentrations are 
Mn, Mg+Mn, Fe+Mn, and Mg+Fe+Mn concentrations for Synthetic calcite (Mn) (Single1-5), Synthetic 
calcite (Mn+Mg) (Dual1-6), Synthetic calcite (Mn+Fe) (Dual7-12) and Natural calcite (ST01, DH1A, 
DH1B and DR10-3), respectively. 
R2=0.6392
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Fig. 3.7 Plot of beta efficiency as a function of Mn concentrations. Synthetic calcite (Mn), (Mn+Mg) 







































Fig. 3.8 Plot of beta efficiency as a function of (Mg+Mn+Fe). (Mg+Mn+Fe) are Mn, Mg+Mn, (Mn
+Fe), and (Mg+Mn+Fe) for Synthetic calcite (Mn) (Single1-4), Synthetic calcite (Mn+Mg) (Dual3-5), 






































Fig. 3.9 Plot of beta efficiency as a function of (Mg+Mn+Fe)/Fe. (Mg+Mn+Fe)/Fe are Mn, Mg+Mn, 
(Mn+Fe)/Fe, and (Mg+Mn+Fe)/Fe for Synthetic calcite (Mn) (Single1-4), Synthetic calcite (Mn+Mg) 
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4. Application to Calcite Veins in the Zambales Ophiolite, Luzon, Philippines: 
Estimate of time scale necessary to alter overlying bentonite 
 
Abstract 
To understand the timescale necessary for bentonite–alkaline groundwater reaction in a 
geological framework, chronological studies using the thermoluminescence (TL) and 
U-Th methods on a calcite vein from Luzon, Philippines, have been tried. However, the 
presence of significant detritus 230Th has hindered the application of U-Th method. First, 
the TL color of the calcite sample was investigated, and red TL was found. The 
paleodose for this red TL was measured with the SARA (single-aliquot regeneration 
and added dose) method to evaluate the sensitivity change of calcite that occurred 
through repeated heating of the samples. When the SARA method was not applied, the 
paleodose was 1.3–3.2 times overestimated for this sample. For the annual dose 
estimate, the author measured the radioactive element concentrations of calcite and the 
surrounding mafic sample using X-ray fluorescence spectrometry, electron prove micro 
analyzer, and laser ablation-inductively-mass spectrometry analyses. Absorbed dose 
rate from beta and gamma ray, and alpha efficiency for calcite against quartz were 
measured, and the age was calculated with the annual dose corrected by these factors. 
To estimate the annual dose of a heterogeneous sample, detailed three-dimensional 
distributions of the rock surrounding the samples is necessary. However, because of the 
small sample size, this information was not preserved. By assuming the ratio of calcite 
and olivine basalt in annual dose contribution, the calcite age was calculated. The 




   A deep geological repository for radioactive waste from nuclear reactors is 
composed of several barriers including cement and bentonite. Highly alkaline 
groundwater may be produced through the alteration of the cement, thus the stability of 
the bentonite during the interaction with the highly alkaline groundwater is an important 
issue, as bentonite plays an important role in preventing the outflow of contaminated 
groundwater to the environment owing to its cation exchange and swelling properties 
(Metcalfe and Walker, 2004). Laboratory experiments can evaluate the 
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bentonite-groundwater interaction over a short timescale (Johnston and Miller, 1984) 
but extrapolating the result to a geological timescale requires further research of the 
phenomena. To understand the interaction between bentonite and alkaline groundwater 
on a geological timescale, investigation of a similar naturally-occurring phenomenon 
would be valuable. 
   The Zambales Ophiolite in Luzon, Philippines, is covered by a bentonite layer (Fujii 
et al., 2010). Highly alkaline groundwater, which probably originated from the 
serpentinization of mafic rocks, circulates along cracks in the rock and bentonite layers. 
Fujii et al., (2014) investigated the mineralogy and geochemistry of the fluid–bentonite 
interaction in the Saile bentonite-zeolite mine located in the Mangatarem region, Luzon, 
Philippines. As a result of the interaction with alkaline groundwater, bentonite was 
altered to include Ca-zeolites and K-feldspar, and narrow band with high iron 
concentration was formed. The width of the altered zone is 5mm. Bentonite is little 
altered at the outcrop scale because the iron-concentrated band prevents the moving of 
alkaline water into bentonite. In this study, chronological studies using the 
thermoluminescence (TL) and U-Th methods are carried out on calcite that precipitated 
from highly alkaline groundwater to estimate the timescale of the fluid–bentonite 
interaction. U-Th method has been applied to date many kinds of carbonate, such as 
coral (Bard et al., 1990), travertine (Sturchio et al., 1994) and calcites veins in fault 
zone (Flotté et al., 2001; Watanabe and Nakai, 2008). TL dating has been often applied 
to carbonate minerals, such as limestone blocks (Liritzis et al., 1996), carbonate deposit 
(Engin, 1997; Roque, 2001), and biogenic calcite (Ninagawa, 2001; Duller, 2009). The 
fundamental properties of calcite, such as TL spectrum and bleaching characteristics, 
were studied by several researchers (Townsend et al., 1994; Liritizis et al., 1996). These 
studies pointed out difficulties in calcite TL dating, arising from phase and sensitivity 
changes through heating. In recent years, Roque et al. (2001) suggested an approach to 
reduce the phase change, and Duller et al. (2009) proposed the zero-glow monitoring 
method to monitor sensitivity changes. In this study, the SARA (single-aliquot 
regeneration and added dose) method was applied to evaluate the initial and successive 
sensitivity changes of calcite during repeated regeneration and measurement (heating) 
cycles (Buylaert et al., 2006). 
 
4.2. The Saile mine, Luzon: geological setting of the sampling site 
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   The Zambales ophiplite complex in western Luzon is one of twenty ophiolite suites 
found in the Philippines island arc. It consists of basalt flows, diabasic dikes, and 
harzburgite (Tamayo et al., 2004) (Fig. 4.1a). The bentonite layer that covers the 
Zambales ophiolite was formed by alteration of Paleogene to Neogene volcanic detritus 
(Encarnación, 2004). Highly alkaline groundwater, which probably originated from the 
serpentinization of mafic rocks, circulates in cracks in the rock and bentonite layers 
(Fujii et al., 2010) (Fig. 4.1b). 
   Two rock specimens (PV01 and PV02; Fig. 4.2) were collected from core samples 
drilled on the bottom of about 3.5 m deep trench in the Saile bentonite mine located in 
the Mangatarem region, Luzon (Fig. 4.1a). These samples are from the part of the 
fracture zone where highly alkaline groundwater had been circulated along the cracks in 
the rock near the boundary of pillow basalt and bentonite. No clear calcite layer was 
found in bentonite (Fujii et al., 2014), although a little altered bentonite was formed by 
alkaline groundwater circulation. The circulation of alkaline groundwater (pH 
10.5-11.0) is still observed at localities near the sampled trench, and the calcite vein 
analyzed here is considered to be precipitated from liquid similar with this groundwater 
(Fujii et al., 2014). The dark areas of the samples (Fig. 4.2) are olivine basalt (breccia) 
composed mainly of olivine, clinopyroxene, labradorite, and opaque minerals 
(magnetite, hematite, and peridotite). The altered and deformed part surrounding the 
olivine basalt (Fig. 4.2a) is composed of mineral assemblages of serpentine, zeolite, 
iddingsite, calcite, and smectite. This deformed part was formed by on-site alteration of 
olivine basalt through fluid–rock interaction, or brought from the lower ophiolite suites 
by circulation of highly alkaline groundwater. The light-colored part of the samples 
consists of fine- and coarse-grained calcite, and zeolite. The calcites along the contact 
with the breccia are fine grained. They are considered to have precipitated along the 
path of highly alkaline groundwater flow as the Ca concentration increased as a result of 
the alteration of the mafic rock through fluid–rock interaction.  
 
4.3. Experimental details 
4.3.1. U-Th dating 
   The sample aliquots for U-Th measurement were extracted from a pit of 7-8 mm 
wide and 10 mm deep from two locations (PC05 and PC06) using a mini drill (Fig. 4.2). 
The sample was cleaned with milli-Q water. About 300 mg of a powdered sample was 
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weighed into a Teflon vial. After it was spiked with 236U and 229Th spikes for isotope 
dilution analyses, it was dissolved in 7M HNO3 at 60°C for two days. Residue was 
centrifuged and further rinsed with 7M HNO3 to remove potential absorbed components. 
After being spiked with 236U and 229Th, the residue was heated in a Teflon vial with a 
mixture of 28M HF, 13M HNO3 and 6M HClO4 at 120°C for two days. After the 
mixture of acids was evaporated to dryness, the residue was dissolved in 2ml of 7M 
HNO3. The leachate obtained by initial nitric acid attack was directly loaded on U teva 
resin (eichrom) to purify U and Th. The solution obtained after the mixed acid attack 
was also loaded on U tave resin. U and Th were further purified with UTEVA and 
AG1-X8 resin, respectively. U and Th fractions were dissolved in 0.32M HNO3 for 
isotope analyses using a MC-ICP-MS. The total blank throughout the analytical 
procedure was around 5 pg for U and 3 pg for Th. 
   U and Th isotope ratios were measured with a MC-ICP-MS, IsoProbe (GV 
instruments).  For U analysis, 234U, 236U and 238U were acquired with Faradey 
collectors. 234U was acquired with a Daly multiplier located behind a wide-angle 
retarding potential (WARP) filter. 236U was acquired with the Daly multiplier for 
under-spiked samples. A house standard U solution was analyzed every two unknown 
samples to determine a mass fractionation factor and a Daly/Faradey gain factor. For Th 
analyses, 229Th and 230Th were acquired with a Daly multiplier. 230Th/232Th and 
229Th/232Th were measured separately. ThA standard solution was analyzed every two 
unknown samples to normalize 230Th/232Th ratio of a sample. A house standard U 
solution was analyzed before and after 229Th/232Th measurements. The correction 
methods for mass-discrimination and Daly-Faradey gain factor were described in 
Watanabe and Nakai (2007). Repeatabilites of 235U/238U, 234U/238U isotope ratio 
measurements of a 10 mgkg-1 U in-house standard per a day were around 0.1, 0.5%, 
respectively. Repeatability of 230Th/232Th isotope ratio measurement of 0.1,mgkg-1, 0.25 
mgkg-1 and 0.5 mgkg-1 Th in-house standard with a high 230Th/232Th was reported as 
0.1% (n=9, 2s) (Watanabe and Nakai, 2007). 
   The decay constants used for this study were λ238U=1.5513×10-10 yr-1 (Jaffey et al., 
1971), λ234U=2.8263×10-6 yr-1 (Cheng et al., 2000), λ232Th=4.9475×10-11 yr-1 (Holden, 
1990), and λ230Th=9.1577×10-6 yr-1 (Cheng et al., 2000). 
 
4.3.2. TL measurement 
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   The sample aliquots for the equivalent dose measurements were extracted from four 
locations (PC01, PC02, PC03, and PC04; Fig. 4.2) using a mini drill after removing the 
top 3 mm from the surface which were exposed to sunlight at the time of sampling. 
These surface samples were used for TL color image analyses. Because TL from calcite 
is affected by solar bleaching (Liritzis et al., 1996; Kim and Hong, 2014), the equivalent 
doses were measured for aliquots extracted from depths of 0–3 mm, 6–8 mm, and 10–
12 mm for each sampling location. One aliquot was collected from the pit which was 7–
8 mm wide and 2–3 mm deep (about 50 mg in weight). The resultant aliquot samples 
are with a grain diameter less than 125µm. 
   The TL color image was investigated after artificial irradiation by gamma rays of 36 
kGy (Inagaki et al., 2010; Hashimoto et al., 1989). The samples emitted red TL (RTL), 
as found in previous studies (Townsend et al., 1994; Ninagawa et al., 2001). The TL 
emitted from sample PV01 was strong enough to be visible to the naked eye, but the TL 
from sample PV02 was less obvious despite receiving the same dose of artificial 
radiation. When the author measured the natural signal with TL reader, the TL emission 
from PV02 was very small. Laser ablation–inductively–mass spectrometry 
(LA-ICP-MS) analysis for annual dose estimates was performed on the samples and the 
results showed that the trace element concentrations of PV02 were an order of 
magnitude lower than those of PV01. The weak TL emission from PV02 may be the 
result of low concentrations of trace elements. Therefore, for the equivalent dose and 
luminescence efficiency measurements, the author selected sample PV01, which is 
composed of pure calcite and emits strong luminescence.  
   The TL measurements were carried out by a luminescence analyzer (MOSL-22, 
MEDEC) with an X-ray source (0.12Gy/s for quartz; Ganzawa and Ike, 2011). The 
X-ray source (Yawata et al., 2007) was calibrated to quartz with a known given dose. 
RTL was detected by a photomultiplier tube (Hamamatsu, 300–850 nm, peak 420 nm) 
with two filters (R60, HOYA + IRC-65L, KENKO). The RTL signals were obtained by 
heating the samples from 100 to 400°C at a heating rate of 1°C/sec. Preheating was 
carried out at 200°C for 240 sec to eliminate low-temperature peaks (below 200°C) and 
selectively measure the high-temperature peaks (> ~260°C), because high temperature 
peaks are more thermally stable than low temperature peaks. Integrated TL intensities 
over ±15°C around the TL peak temperature were used to calculate the equivalent dose.  
In this study, the SARA method was applied to evaluate the sensitivity change of the 
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calcite. Different laboratory doses (0, 32.4, 62.4, and 92.4 Gy, or 0, 32.4, 62.4, 92.4, and 
122.4 Gy) were added to the natural aliquots prior to each luminescence measurement. 
Then, each aliquot was measured using the SAR protocol to obtain a dose estimate 
(Table 4.1). Appropriate regeneration (6 to 540 Gy) and test doses (42 to 420 Gy) were 
chosen for each aliquot. These measured dose estimates were then plotted as a function 
of the added dose to estimate the equivalent dose by the SARA procedure (Buylaert et 
al., 2006). 
 
4.3.3. Annual dose measurement 
   The radioelement concentrations (for U, Th, Rb, and K2O) of the calcite samples 
and the surrounding rocks were analyzed to calculate the annual dose rate. The 
radioelement concentration of the calcite was measured on a thin section of PV01 (Fig. 
4.2). The chemistry of the olivine basalt was analyzed using sample PV02, assuming 
that the chemical homogeneity in the olivine basalt in this sample is similar to that of 
less altered olivine basalt. The U, Th, and Rb concentrations in the calcite and the basalt 
were determined by LA-ICP-MS (MicroLas GeoLas Q-plus 193nm ArF excimer laser 
system and 7500 s, Agilent) on a pressed powder pellet for the basalt and the thin 
section for the calcite at Kanazawa University. The LA-ICP-MS signal from a sample 
was correlated to that from reference material with known chemical compositions after 
normalizing an ablated volume using the internal standard, which is an isotope with 
known quantity in both of a sample and the reference material (e.g., 29Si for olivine 
basalt and 42Ca for calcite), to calculate concentrations of radioactive element. Synthetic 
glass SRM 610 from National Institute of Standards and Technology (NIST) was used 
as reference material in this measurement (Pearce et al., 1997). The detailed 
experimental procedure is described in Ito et al., (2009). The concentration of K2O and 
SiO2 (internal standard for LA-ICP-MS analysis) in the basalt was measured with a 
Rigaku System 3270 X-ray fluorescence (XRF) spectrometer with a Rh tube (Ichiyama 
et al., 2006). The concentration of K2O in the calcite was analyzed with an Electron 
Probe Micro Analyzer (EPMA; JXA-8800, JEOL) on the thin section (Fukushi et al., 
2013), but was found to be undetectable. 
   Our earlier study (Ogata et al., submitted) found that absorbed dose rate from beta 
or gamma ray for calcite is lower than that for quartz, and it depends on impurity 
concentration in calcite. TL efficiency by alpha particle irradiation (hereafter called 
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alpha efficiency) is less than that of beta or gamma irradiation due to the spatial energy 
density around the center of the alpha track (Zimmerman, 1972). Thus, the author 
measured absorbed dose rates from beta and gamma radiation for calcite against quartz, 
and alpha efficiency. The sample aliquots for absorbed dose rate and alpha efficiency 
measurement were extracted from a pit of 7–8 mm wide and 2–3 mm deep. A known 
dose of beta, gamma and alpha was given to calcite samples, and then these samples 
were measured by the SAR method (Murray and Wintle, 2000) using X ray as an 
external artificial dose source. Absorbed dose rates from beta or gamma rays, and alpha 
efficiency were calculated by the equation [Measured dose/Given dose]. The beta ray 
source was a disc type 90Sr (90Sr to 90Y, 0.55 MeV; 90Y to 90Zr, 2.3 MeV, 10kBq, Japan 
Radioisotope Association). The gamma ray source was a lift up type 60Co (1.2MeV and 
1.3MeV) located at Kyoto University Research Reactor Institute (KURRI). The alpha 
ray source was a disc type 241Am (5.5MeV, 3MBq, Japan Radioisotope Association). 
The detailed experimental procedure is described in Ogata et al., (submitted). The 
annual dose was calibrated by absorbed dose rates from beta and gamma ray, and alpha 
efficiency. 
   The cosmic ray contribution to the annual dose was calculated using an equation 
proposed by Prescott and Hutton (1994).  
 
4.4. Results 
4.4.1. U-Th dating 
   The concentrations were calculated using initial sample weights (Table 4.2). Whole 
rock compositions were calculated from the results of Leachate and Residue, and also 
shown in Table 4.2. U and Th concentration of samples (leachate and residue) are 
69.3-284 ppb and 163-497 ppb, respectively. The high Th abundances indicate that vein 
is not pure calcite but contains significant amount of detritus 230Th. (230Th/234U) activity 
ratios (hereafter the isotopic ratio in parentheses refer to the activity ratio) of samples 
except PC05_Leachate are over 1.0, and are again indicative of large proportion of 
detritus input. (234U/238U) of leachate samples are higher than unity, which is consistent 
with fluid origins (Mitsuda et al., 1983), while those of residue samples are close to 
unity. (230Th/232Th) of residue samples are higher than those of leachate samples. Most 
of (230Th/232Th) of volcanic rocks from Philippine were reported to be less than 1.0 
(McDermott et al., 1993, DuFrane et al., 2006, Turner et al., 2011). It is suggested that 
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the residue samples may have selectivity trapped 230Th during leaching procedure. One 
of samples show whole rock (230Th/232Th) higher than 1.0. It may indicate 230Th 
absorption to detritus materials from fluid interaction. 
 
4.4.2. Equivalent dose measurement 
   For all the samples, the natural and regenerated TL glow curves have a peak at 260–
290°C (hereafter called the 280°C peak) (Fig. 4.3) although the TL peak temperature 
differs slightly from aliquot to aliquot. Generally, the natural TL glow curves show an 
additional small peak at ~330°C. These two peaks are in good agreement with results of 
earlier studies (Ninagawa et al., 2001; Kim and Hong, 2014). The position of the 280°C 
peak in the natural signal is located at a slightly higher temperature range than the 
regenerated 280°C peak. For example, in Figure 4.3, the highest TL peak in the natural 
sample is at 270°C, while that in the regenerated curve is at 260°C. This may be caused 
by the overlap of the tail of the 330°C peak in the natural signal. In Figure 4.4, the 
regeneration/natural TL ratio is plotted as a function of temperature. The 
regeneration/natural TL ratio reaches a plateau at 250–300°C around the 280°C peak; 
therefore, to calculate the equivalent dose, the author integrated the signals for ±15°C 
around the TL peak in this temperature range. The TL glow curve and growth curve 
(Fig. 4.3) show that the TL signals increase linearly with the dose (the coefficient of the 
regression line is about 1.0), indicating that the equivalent dose estimated by the SAR 
procedure is reasonably well determined in this study.  
   The equivalent dose estimate by the SAR protocol is always higher than the value 
obtained by the SARA protocol. A sensitivity change occurred between the 
measurement of the natural signal and the subsequent test dose signal (Table 4.3). The 
ratios (SAR result/SARA result) are 1.3–1.6 in most samples. PC01 (0–3 mm), PC03 
(6–8 mm), and PC04 (6–8 mm) show a slightly higher ratio of 3.4, 2.3, and 3.2, 
respectively. This may be caused by the difference in the crystal structure or trace 
element concentration; however, the author could not identify a clear cause for this 
difference between samples. Further analysis is necessary to reveal the reason for the 
difference in the degree of sensitivity change.  
   The equivalent doses of samples calculated by the SARA method are 12.8–32.4 Gy 
(Table 4.3) and show no systematic variation against aliquot depths from the surface. 
Therefore, the author assumes that the removal of the top 3mm was enough to eliminate 
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the effect of exposure to light during sampling. This might be a special case for this 
calcite which is not transparent. 
  
4.4.3. Annual dose estimate 
   The annual dose rate for samples was determined by the concentration of 
radioactive isotopes (Adamiec and Aitken, 1998, Ito et al., 2009), absorbed dose rate 
from beta and gamma rays and alpha efficiency (Table 4.4).  
The absorbed dose rate from beta and gamma rays for calcite against quartz were 
0.265±0.027 and 0.158±0.009, respectively. These values shows absorbed dose for 
calcite are lower than that for quartz. It may be caused by difference in substitution 
element between calcite (20Ca, 25Mn and 26Fe) and quartz (3Li, 11Na, 13Al and 14Si), and 
interaction between medium with different atomic number and radiation with variety of 
energy. Absorbed dose rate from beta ray is higher than that from gamma ray. The 
concentration of minor element may cause the different behavior against beta ray and 
gamma ray (Ogata et al., submitted). 
   The alpha efficiency was 0.0581±0.0042. The k-value, which is the ratio between 
TL sensitivities to alpha radiation and to beta or gamma radiation, was calculated with 
the absorbed dose rate from gamma ray for calcite against quartz, and is 0.363±0.035. 
This result is consistent with earlier studies (k-value; 0.10~0.35, Theocaris et al., 1997, 
Roque et al., 2001). 
These factors are considered in the estimate of the annual dose as shown in the modified 
equation below (Adamiec and Aitken, 1998; Stokes et al., 2003; Ito et al., 2009). !""#$% !"#$ !"#!"#$ =  !! + !! + !! = 2.18×! !!" + 0.6111×!ℎ !!"1+ 1.5×!.!. ×!! + 0.146×! !!" + 0.0273×!ℎ !!" + 0.00038×!" !!" + 0.649×!!! %1+ 1.25×!.!.×!! + 0.113×! !!" + 0.0476×!ℎ !!" + 0.202×!!! (%)1+ 1.14×!.!. ×!! 
where Dα, Dβ, and Dγ are the annual doses from the alpha decay, beta decay, and 
gamma decay, respectively. Kα, Kβ, and Kγ are alpha efficiency, absorbed dose rate 
from beta and gamma rays for calcite against quartz, respectively. W.C. is the water 
content given as water/dry sediment (in weight). Table 4.4 shows the element 
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concentration of the samples. The K2O concentration in the calcite was below the 
detection limit (0.05%); hence, the potassium contribution to the annual dose for calcite 
can be neglected. The U concentration of calcite sample for annual dose measurement is 
lower than that for U-Th measurement (Whole rock compositions) beyond the error 
range although the Th concentrations are concordant (Table 4.2). These results indicate 
that U distribution in sample is heterogeneous, thus annual dose rate from the calcite 
may be slightly different among samples. The radioelement concentration of olivine 
basalt is very low. This low concentration is often found in ophiolite (e.g., diabase from 
Samail Ophiolite, Oman; Chen and Pallister, 1981, epidosite and from Pindos ophiolite, 
Greece; Valsami-Jones and Ragnarsdóttir, 1997). 
   The alpha-ray contribution from calcite is considered, but not from the surrounding 
mafic rocks, because the effective range of alpha rays is the order of 10 µm (14 µm for 
quartz: Okumura et al., 2008, 12 µm for calcite: Ogata et al., submitted). The cosmic ray 
contribution was calculated with burial depth 1.75 meter of samples, and is 0.151±0.008 
(Gy/ka) (Prescott and Hutton, 1994). Absorbed dose rate for calcite is lower than that 
for quartz, thus cosmic ray contribution was calibrated as 0.0239±0.0019 for calcite 
considering the absorbed dose rate from gamma ray for calcite against quartz. 
 
4.5. Age estimations and Discussions 
   The result of U-Th measurement indicate significant amount of detritus 230Th input, 
and it requires a large correction for initial 230Th (Watanabe et al., 2008). By assuming 
the initial (230Th/232Th), the U-Th ages of calcites are calculated (Fig. 4.5). The bulk 
earth (230Th/232Th) of 0.80±0.80 (2σ) (230Th/232Th atomic ratio is 4.3±4.3×10-6 (2σ)) 
assuming a bulk earth 232Th/238U atomic ratio and secular equilibrium (Taylor and 
McLennan, 1995, Edwards et al., 2003, Richards and Dorale, 2003 and Clark et al., 
2012) is often used for the correction of detrital material. (230Th/232Th) of volcanic rocks 
from Philippine arcs are less than 1.0, as stated in 4.1, however, (230Th/232Th) of residue 
samples and whole rocks are higher than the value. It is suggested that the residue 
samples may have selectively trapped 230Th. The ages of residue samples are very 
sensitive to initial (230Th/232Th). (230Th/234U) of residues are higher than unity, thus the 
effect of initial (230Th/232Th) correction on the U-Th age estimation show large impact 
for residue samples. Leachate samples can be dated after correction of the initial 230Th 
input using bulk earth (230Th/232Th) (0.80±0.80 (2σ)). (230Th/234U) of leachate samples 
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are lower than or closed to unity, however, U-Th ages of these samples depend strongly 
on the initial (230Th/232Th). Whole rock samples can be dated after correction of initial 
230Th input using bulk earth (230Th/232Th). (230Th/234U) of PC05_Whole rock is higher 
than 1.0, thus the age of PC05_Whole rocks is very sensitive to initial (230Th/232Th). 
(230Th/234U) of PC06_Whole rock is lower than 1.0, and still U-Th age depends strongly 
on the initial (230Th/232Th). Accurate determination of initial (230Th/232Th) is difficult for 
this calcite sample, thus the author can’t report reliable U-Th dates. Applicable dating 
method to impure calcite, such as thermoluminescence dating method, is required. 
   Details of the three-dimensional rock distributions around the sample are necessary 
to estimate the annual dose of a heterogeneous sample for TL dating when 
heterogeneity is found within the maximum-effect range of the natural radiation (e.g. 
for gamma ray ~30 cm). Unfortunately, the analyzed specimen was 12 cm high, 7 cm 
wide, and 1.5 cm in thickness; therefore, an accurate distribution of the surrounding 
rock facies could not be obtained. Thus, by assuming the ratio of the contribution in 
annual dose from the calcite and olivine basalt, the age of calcite was calculated (Fig. 
4.6).  
   The minimum estimated age is 115 ka (for PC01 (6–8 mm)) with the main annual 
dose contributor being olivine basalt, and the maximum age is 389 ka (for PC02 (6–8 
mm)) with the main annual contribution from calcite. Thus, the calcite ages spans from 
115 to 389 ka. TL age information is reset by heating. Fujii et al., (2014) found that 
temperature of ground water in sampling area is as hot as that of hot spring water, thus 
TL age information may not be reset and record the age of calcite formation 
(precipitation). The variation in age (equivalent dose) may be affected by the 
heterogeneous U distribution in calcite (Table 4.2 and 4.4). When equivalent doses are 
caused by higher and lower U concentration compared to that of calcite sample for 
annual dose measurements, the span of calcite age variation must be smaller than the 
result of this study. As an example, the author investigates that effect of heterogeneous 
U distribution for two samples with highest (PC02 (6-8 mm)) or lowest (PC01 (6-8 
mm)) equivalent dose. Even in consideration of uranium heterogeneity, the bentonite in 
this area had been experienced the alteration process for more than 100kyrs. Bentonite 
in sampling area is little altered at the outcrop (Fujii et al., 2014), thus the effect of fluid 
on bentonite is little impact in this geological timescale. 
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   The presence of significant detritus 230Th has hindered the application of U-Th 
method. Applicable dating method to impure calcite, such as thermoluminescence 
dating method, is required. 
In this study, the author founds changes in the TL sensitivity for the calcite sample. 
Using the SARA method to correct the sensitivity change effect, TL dating can be 
successfully applied to calcite. Resultant ages vary within 115 to 389 ka. The variations 
in age may indicate that the precipitation occurred over a long period. The obtained ages 
may contain uncertainties related to the annual dose; e.g., rock facies distribution, 
possible chemical heterogeneity in the calcite and changes in the luminescence 
producing efficiencies (absorbed dose rate for calcite). Even in consideration of these 
uncertainties, the bentonite in this area had been experienced the alteration process for 
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Sample Calcite Olivine basalt
SiO2 (%) - 41.3
TiO (%) - 0.6




MnO (%) - 0.4
MgO (%) - 14.4
CaO (%) - 24.3
Na2O (%) - 0.2
K2O (%) - 0.2
P2O5 (%) - 0.1
Total (%) - 97.5
EPMA 1K2O (%) UD -
2U (ppm) 0.145±0.014 0.0704±0.0036
2Th (ppm) 0.629±0.057 0.0510±0.0030






1) UD: under the detection limit (0.05%).
0.158±0.009
Table 4.4 Chemical compositions of calcite and olivine basalt
from the Philippines for annual dose estimate
2) The error in measured U, Th and Rb concentration by
LA-ICP-MAS was calculated from four measurements on same aliquot.
3) Kα, Kβ and Kγ are alpha efficiency, absorbed dose rate from beta and
gamma rays for calcite against quartz, respectively.
4) Dα, Dβ, and Dγ are the annual doses from the alpha decay, beta decay








 on calciteAnnual dose
0.0581±0.0042
0.265±0.027
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Fig. 4.1 (a) Location of the sampling point (Saile Mine), and (b) schematic cross section of 
the sampling point.
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Fig. 4.2 Photograph of calcite samples analyzed in this study. (a) PV01 and (b) PV02. 
Aliquots for equivalent dose estimates were collected from PC01, PC02, PC03, and PC04. 
For the drilled samples, these aliquots from different depths were obtained for 0–--3 mm, 
6–8 mm, and 10–12 mm for each sampling location. Aliquots for U-Th measurements 
were extracted from a pit of 10 mm deep from PC05 and PC06. Thin section for annual 
dose measurement was cut out from dash line a to b.
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Fig. 4.3 Examples of TL glow curves of calcite (PV01) and a TL glow-growth curve. Li/Ti 
is the ratio of the signal over the test dose signal. Filled circles represent the TL intensity 
induced by the regenerative dose and open circles represent the natural signals.
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Fig. 4.4 The ratio of natural/regeneration TL versus temperature. Shaded zone is the 
plateau area.
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Fig. 4.5 Results of U-Th dating of samples assuming the initial (230Th/232Th) activity ratio. 
Shadowed field shows bulk earth (230Th/232Th) activity ratio which assuming a bulk earth 
232Th/238U atomic ratio and secular equilibrium (0.80±0.80 (2σ)).
4. Application to Calcite Veins in the Zambales Ophiolite, Luzon, Philippines: Estimate of time scale 




























4. Thermoluminescence Dating of Calcite Veins in the Zambales Ophiolite, Luzon, Philippines: Estimate 






Fig. 4.6 Results of TL dating of samples assuming the ratio of annual dose contributions 
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